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Abstract--Experimental investigations of mean mass/heat transfer coefficients at the surface of two different 
curved short ducts of rotors of the sucking and forcing regenerative heat exchanger were made for forced 
laminar flow in static conditions. An electrolytic technique was employed. The results for two types of 
ducts are presented finally by correlations for jM Chilton42olburn coefficient vs Reynolds number. The 
results for one of the ducts are consistent with the previous results of the author for the inner surface and 

developed flow in a straight annular duct with similar L/Dh. 

INTRODUCTION 

For the purpose of ventilation with simultaneous heat 
regeneration, the ,;ucking and forcing regenerative 
heat exchanger (SFE) may be applied [1, 2] in swim- 
ming pools, stores, classrooms, auditoriums, work- 
shops, restaurants, waiting-rooms, paint shops, 
offices, vehicles, etc. A main part of the exchanger, 
i.e. rotor 1 (see Fig. 1), made as a capillary-porous 
cylinder, is driven by a small electric motor at a rela- 
tively high angular velocity of a few thousand rev- 
olutions per minute, which causes the suction and 
force process to occ.ur. The simultaneous processes of 
heat, mass and momentum transfer between streams 
take place in the exchanger, yet heat transfer among 
them prevails. The internal suction volume of the 
rotor is divided into two volumes by an immovable 
partition 2. Warm, used up air enters the volume 3, 
flows through the ducts of the rotor being cooled and 
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Fig. 1. Scheme ofthe sucking and forcingregenerative heat 
exchanger. 

leaves the exchanger by channel 4. Cold, fresh air 
enters the volume 5, gets warm passing through the 
rotor and is discharged to the atmosphere through the 
passage 6. 

The chosen element of material of the rotor is 
heated and cooled alternately with the frequency of 
revolutions of the rotor. The heat transfer for the 
element is typically transient. A predominant com- 
ponent of energy balance of the SFE for one rev- 
olution of the rotor is the heat of convective heat 
transfer between the gas and the wall of a duct of the 
rotor. The heat is conducted inside the material and 
stored in it in the course of heating the rotor. 

On entering a zone of cooling the rotor loses heat 
energy. So the thermal diffusivity of the material of the 
rotor should be rather high. Conditions for obtaining 
high heat power, per unit volume of the rotor, ex- 
changed in this way, are also: high porosity of 
material of the rotor, which results in a high heat 
transfer surface area, and a high value of convective 
heat transfer coefficient. The latter has to be deter- 
mined not only for energy balance calculations of the 
SFE. It also enables the local balance to be checked 
between the convectional heat power and the non- 
stationary heat energy power that can be stored in 
certain material of the rotor on a principle of heat 
capacity, during part of the period, at fixed angular 
velocity. 

There are a few possible porous patterns of rotors 
resulting from technology. For two of them the mean, 
convective mass (heat) transfer coefficient was 
measured. The first pattern arose from the use of a 
round stamped corrugated sheet, the second from the 
above-mentioned sheets set alternately with plain ones 
in the rotor. As a result a structure consisting of short 
diffuser ducts with thin walls was obtained. It would 
be extremely difficult to tackle the problem exper- 
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NOMENCLATURE 

surface area of  the cathode n 
cross-section area of  the duct Ow 
overall surface area of  heat transfer of  R 
the rotor  Sc 
specific heat capacity of  the gas at Sh 
p = const StH 
bulk concentration of  ferricyanide ions 
diffusivity of  ferricyanide ions in the StM 
electrolyte 
hydraulic diameter of  the duct U 
Faraday constant w, Wg 
[96493 x 10 3 A s kmol l] 
mean heat transfer coefficient x 
mean mass transfer coefficient 
current density 
current in the circuit 
plateau current 
mean Chi l ton-Colburn  coefficient for 
heat and mass transfer, respectively 
length of  the duct 

valence change of  reacting ions 
wetted circumference of  reacting ions 
radius of  curvature of  duct axis 
Schmidt number, v/D 
mean Sherwood number,  hoDh/D 
mean Stanton number for heat 
transfer, h/(cpgpgWg) 
mean Stanton number for mass 
transfer, hD/W 
voltage 
mean velocity of  electrolyte and gas, 
respectively 
coordinate. 

Greek symbols 
6 curvature ratio, Dh/R 
# dynamic viscosity of  electrolyte 
v kinematic viscosity of  electrolyte 
p, pg density of  electrolyte and gas, 

respectively. 

imentally using a thermal method. The only technique 
suitable in this case seemed to be an electrolytic one. 

EXPERIMENTAL TECHNIQUE 

Experiments were carried out by use of  the well- 
known electrolytic technique [3, 4]. Nickel electrodes 
in aqueous solution of  equimolar quantities of  
K3Fe(CN)6 and K4Fe(CN)6 in the presence of  1 M 
N a O H  basic solution were applied. Nickel sheets of  
the rotor  served as the cathode. An anode was located 
behind the cathode in the direction of  flow of  the 
electrolyte. The surface area of  the anode was much 
greater than that of  the cathode which enabled the 
controlled diffusion of  ferricyanide ions at the cathode 
to be achieved. According to the conditions of  the 
experiment one could omit  mass-fluxes due to con- 
vection (with error about  - 0 . 5 % )  and due to 
migration on account of  a small electrical potential 
gradient in the basic electrolyte in the direction per- 
pendicular to the surface of  the cathode. Thus current 
in a circuit resulted only from diffusion, and 

ho = Ip/(AFCb). (1) 

The electrolyte was bubbled with nitrogen to avoid 
the influence of  the presence of  molecular oxygen on 
the results of  the experiment. The temperature of  the 
electrolyte was 25°C. Its essential physical properties 
were : p = 1040 kg m -  3 ~ ~- 1.11 x 10-3 kg m -  1 s -  J, 
D = 6.71 x 10 -1° m 2 s -~ which requires special 
comment.  

The above values were calculated with the help of  
correlations stated experimentally, for temperatures 

of  18-30°C, by Hopkowicz and Pietrzyk [5] for the 
aqueous solution of  0.00333 N potassium ferricyanide 
and ferrocyanide in 1, 2 and 3 N sodium hydroxide. 
They directly measured p and /t with the help of  a 
hydrostatic Mohr ' s  balance and Hoppler 's  viscos- 
imeter respectively. The diffusion coefficient was stated 
using a rotating disk electrode in an electrolysis cell. 
The Schmidt number was calculated from Sparrow 
and Gregg's  correlation taking into consideration 
Newman 's  correction. For  the electrolyte of  a 1 M 
N a O H  basic solution the following correlations were 
stated : 

p = l 1 3 7 . 9 - 0 . 3 3 T [ k g m  3] 

(error of  the correlation : _+0.5%) (2) 

/~= 1 .12x10 6 e x p ( 2 0 5 6 . 8 / T ) [ k g m  -1 s '] 

( + 2 . 5 % )  (3) 

D = 1.772x 10 -6 exp (--2348.9/T) [m 2 s i] 

( + 3 . 5 % )  (4) 

in which [T] = K. 
Lucas et al. [6] calculated the density of  an aqueous 

solution of  0.01 N K4Fe(CN)6 in 1 N N a O H  at 25°C 
assuming there is no volume change on mixing. Their  
result, which was checked using a hydrometer,  was 
identical to that obtained by the help of  equation 
(2). They also used a Cannon-Fenske  viscometer to 
determine the viscosity, obtaining, for 25°C, the result 
/~ = 1.109 x 10- 3 kg m -  i s -  1 which differs from that 
calculated from equation (3) by 0.1%. 

Bazan and Arvia [7] measured the viscosity of  a 
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1.014 M solution of NaOH with centinormal quan- 
tities of potassium ferri- and ferrocyanide at 25°C and 
their result was identical to that of Lucas et al. They 
also stated that in a range of temperatures between 24 
and 40°C Stokes-Einstein's equation 

D ~ / T =  (2.52_+0.1) x 10 - ' s  [kgm s -2 K - ' ]  (_+4%) 

(5) 

is valid, for ferricyanide ions, in an approximately 
1 M sodium hydroxide basic electrolyte. They used 
the results of limiting current density measurements, 
under controlled convective diffusion at a rotating 
disk electrode, for calculating the diffusion coefficients 
by the help of Levich's equation. Setting in equation 
(5) the value of # calculated by the help of equation 
(3) one gets, at 25cC, D = 6.77 x 10 -l° m 2 s 1, which 
differs from the value of D calculated on the basis of 
equation (4) by about 0.9%. 

Eisenberg et al. [8] stated by direct measurement of 
the diffusion coefficient of Fe(CN) 3- ions in an 
approximately 2 N NaOH basic solution, using 
McBain-Northrup type diaphragm cells, that the 
value of the constant in Stokes-Einstein's equation 
equals 2.5 x 10 -is kg m s -2 K -~. They attained a 
reproducibility of diffusion coefficients of ferricyanide 
ions equal to + 1.5%. Using the last constant and 
viscosity calculated according to equation (3) one 
gets, at 25°C, a value of the diffusion coefficient iden- 
tical to that calculated with the help of equation (4). 

RIG ,AND TEST SECTION 

The experiments were carried out on the universal 
rig. Its electrolyte, nitrogen, water cooling and elec- 
trical measurement systems are presented in Fig. 2. It 
enabled polarization curves to be obtained auto- 
matically. Figure 3 presents a technical drawing of a 
test section, which was made mainly of PVC. The 
electrodes were machined from an electrolytical nickel 
sheet of thickness 0.2 mm. Flat anodes were glued to 

the flange. Two types of models of the rotor (cathodes) 
were combined from corrugated, Fig. 4, and flat, Fig. 
5, nickel stamped elements of the rotor of the sucking 
and forcing heat exchanger. All elements had round 
cuts located at 2n/3 rad from each other. There existed 
two patterns of corrugated elements, (a) and (b). The 
only difference between them was that the round cuts 
in pattern (b) were displaced by n/60 rad (3 °) in com- 
parison with pattern (a). The number of sheets was 
selected according to the need of attaining of 
maximum Reynolds number on appropriate level in 
ducts of the model as in ducts of real rotor and accord- 
ing to the electrolyte-flux available. Two models of 
the rotor were studied. 

The type I model consisted of two corrugated 
sheets of pattern (a) and one corrugated sheet of pat- 
tern (b) between them. The position of elements was 
fixed by help of three pins which were adjusted to the 
round cuts in them. They were in contact with a plate, 
a right-sided flange and with one another at points of 
crests at the outside diameter. The distance between 
the plate and right-sided flange was adjusted with the 
help of the ring. The elements were covered with a 
thin (about 0.2 mm) layer of electrical insulation with 
the exception of one side of the inner sheet. This side 
was cautiously polished ultimately with diamond 
paste 1/0, a neutral tooth-paste containing chalk, and 
rinsed with distilled water. The inside element was 
welded at its outside edge to the 0.5 mm DIA elec- 
trically isolated nickel wire, which served as a con- 
nection of the cathode to the circuit. The axes of ducts 
obtained were curved (see Fig. 4). Cross-sections of 
the duct at inner and outside diameters and charac- 
teristic important data of the duct are depicted in 
Table 1. The ducts are curved diffusers com- 
municating with themselves by contracting slits in a 
plane of points of contacts of sheet elements. 

The type II model of the rotor consisted of three 
corrugated sheets of pattern (b) and two flat nickel 
stamped elements between them. They touched the 
plate and the flange, and together similarly as in the 

.VISUAL CONTROL OF N 2 FLUX 

I F i l l e d  
IlL. . . . . . . . . .  _._..kCOOL, N CO._ ON 

T, NK OR ELECT.O'YTE 
ACTIVATION ~ ~ PUMP 

Fig. 2. The electrical measurement system. 
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Fig. 3. Test section. 
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MATERIAL: SHEET NICKEL ~ 0.2 

Fig. 4. Corrugated element of the rotor of the sucking and forcing heat exchanger. 

case of the type I model. The middle corrugated 
element, electrically connected to the circuit, was the 
same as in the type I model. Its nickel surface and the 
opposite nickel surface of the adjacent flat element 
constituted the cathode. All other surfaces of elements 
were covered with electrical insulation as in the case 
of the type I model. 

The curved, diffuser ducts resulting were of cross- 
section and had characteristic data as given in Table 
1. Particularly notable is the much lower value of the 
arithmetic mean of the hydraulic diameter than for 
the type I ducts. The length of all the ducts is the 
length of the curve of the axis L = 15.8 mm. The value 
of the working surface of the cathode of the type I 
model was equal to 49.9 cm 2 and that of the type II 
model was equal to 91.8 cm 2 with relative error of 
+ 5%. The surface area of the corrugated element was 

calculated on the basis of geometric analysis of the 
element at its inner and outer diameters, and on the 
basis of the thickness of the sheet. The 'stamp-ratio', 
i.e. the ratio of the value of the surface area of the 
corrugated element to the value of the surface area of 
the flat one was equal to 1.19. 

The temperature of the electrolyte was measured 
using a "Philips" integral chromel-alumel thermo- 
couple placed between the test section and a tank. The 
maximum inaccuracy was + 0.25 K. 

EXPERIMENTAL METHOD 

After installing the test section in the universal rig, 
activation of the cathode was carried out in a 5 N 
aqueous solution of NaOH at a current density i = 20 
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MATERIAL SHEET NICKELS0,2 

Fig. 5. Flat element of the rotor of the sucking and forcing 
heat exchanger. 

mA cm -2 for 60 min. After changing over to the 
working electrolyte, trials were made to get the con- 
trolled diffusion at: the cathode for the mean value 
of flux. The stage of trials and controlled diffusion 
treatment lasted 225 min in the case of a type I rotor 

and 165 min for a type II model. The next complete 
trial measurement was performed for an entire range 
of Reynolds numbers for 30 min. In the course of the 
next three days one measurement, for the same type 
of model of the rotor, for twelve different Reynolds 
numbers was carried out. 

Polarization-curves, with Re as a parameter, were 
acquired automatically by applying, between anode 
and cathode, a stabilized voltage which changed by 
0.1 V every few seconds. The values of current vs 
voltage were printed and registered graphically. The 
measurement for twelve Reynolds numbers lasted no 
more than 30 rain. During it a sample of the electrolyte 
was taken and measurement of the concentration of 
ferricyanide ions, by iodometric titration, took place 
two or three times. The results were almost always 
identical. For the purpose of calculations an arith- 
metic mean was taken from all the titrations. The 
working ion concentration was considered as a con- 
stant owing to the relatively short time of measure- 
ment and the comparatively high concentration level. 

After completing the trials, actual measurements 
were carried out during three succeeding days for a 
type I model of the rotor, for the same Reynolds 
numbers, and similarly for a type II model. One set 
of measurements for twelve Reynolds numbers was 
realized every day. The mass (heat) transfer coefficient 
was calculated as the arithmetic mean of the values 

Table 1. Cross-section areas and hydraulic diameters of ducts of the rotor 

Sketch of the cross- 
Type of Place section of 

rotor at the duct 

Mean 
Hydraulic hydraulic Mean cross- 

Cross-section diameter diameter section area 
area of the Wetted Dh = Dh = Ac = 

duct Ac circumference 4Ac/Ow (Dh~ + D~o)/2 (Acj + Aoo)/2 
[ram 2] O, [mml [mml [mml [mm z] 

I i.d. 

o.d. 

II i.d. 

o.d, 

5.86 9.4 2.49 

8.15 13.4 2.43 

2.93 8.7 1.35 

4.07 12.3 1.33 

2,46 7.00 

+5% +5% 

1.34 3,50 

+5% +5% 
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obtained in three days of experiments for a given 
Reynolds number. 

RESULTS OF M E A S U R E M E N T S  A N D  
D I S C U S S I O N  

The Reynolds number was calculated on the basis 
of readings of the volumetric flux of the electrolyte on 
the rotameter, which had been calibrated beforehand 
by the use of an orifice plate. Taking into account 
maximum errors of reckoning of real volumetric flux 
of the electrolyte (_+ 1.5%), mean cross-section area 
of the duct ( _  5 %), mean velocity of electrolyte in the 
duct ( _  5.1%), mean hydraulic diameter of the duct 
(_+ 5 %), and coefficient of kinematic viscosity (_+ 3 %), 
the mean square error of the Reynolds number was 
calculated to be equal to _ 7.4%. The mass transfer 
coefficient was calculated from equation (1). Ferri- 
cyanide ion concentration was measured with an accu- 
racy of _+2%. The values of the concentration are 
given in Table 2. 

Examples of polarization curves obtained are pre- 
sented in Fig. 6. They testify to distinct controlled 
diffusion at the cathode in the entire range of Reynolds 
numbers. The inaccuracy of determining the plateau 
current was omitted. Taking additionally into account 
the relative error of the evaluation of surfaces of cath- 
odes (_+5%) one could calculate the mean square 
error of the mass transfer coefficient, which was equal 
to 5.4%. Having got the diffusivity of ferricyanide 
ions with an accuracy of _ 5% one could calculate the 
Sherwood number with a mean square error _ 8.9%. 

The results of calculations of the mean value of the 
Sherwood number vs Reynolds number are depicted 

o /  
10 

¢N  

b /  

Cb = 15.6"1~4 kmot/m3 1670 
J 

760 

f 

f 
Re = 250 

L / D  h = 6.42 , D h = 2./-.6 turn 
I I 

05 1.0 1.5 
U,V 

~ ~  0-t' k m o l / m 3  910 C b 

._- ~1o 

Re - 140 

L / D  h = 11,8 

J 
D h = 1,34 mm 

0 ~ i 

0 0.5 1.0 1.5 
U,V 

Fig. 6. Examples of polarization curves for ducts of: type 1 
(a) and type II (b). 

Table 2. Values of concentration of ferricyanide ions in the 
electrolyte : Cb × 10 -4 kmol m - 3  

Number of Type I model of Type II model of 
measurements the rotor the rotor 

1 17.6 9.0 
2 15.6 8.2 
3 14.4 6.6 

in Fig. 7 as graphical correlations, for both types of 
models investigated. The error of correlation can be 
stated as being equal to 16.3%. The mean value of the 
Sherwood number for the duct of type I is much 
greater than that for the duct of type II. The mean 
ratio of them is equal to 1.83 in the interval of 
Reynolds numbers from 200 to 900. 

The results of measurements of the mass transfer 
coefficient were also presented in the form of the 
Chilton-Colburn coefficient for mass transfer to per- 
mit the easy use of them for calculations of the heat 
transfer coefficient, at the surface of the duct, based 
on the Chilton-Colburn analogy. The mean value 
of the C-C coefficient for the whole surface was 
calculated thus : 

JM = StM SC 2/3. (6) 

The results are shown in Fig. 8. For particular 
Reynolds numbers points were marked on the basis 
of arithmetic means of JMJ from three independent 
measurements as mentioned above. Maximum devi- 
ations (JM.i--JM)X 100%/jM for the whole range of 
Reynolds numbers are contained in the interval from 
- 4 . 0  to +3.7% for the type I model of the rotor and 
from - 4 . 2  to +5.0% for the type II model. The 

230 

200 

150 

100 

50 

0=671 .ld~°r.% 

0 I ~ I 

0 05  1 1.5 1.8 
R e~l 0 -a 

Fig. 7. D imens ion le s s  m e a n  mass  transfer coefficient.  
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4 TYPEI (L/Dh = 6.42) 

3 ~ ~ " , ~ .  jM = O.G3,,Re -0-543 

- . 

lo 1 

5 i } L I I I i i i I i 

10 2 2 3 4 5 10 3 

Re 

Fig. 8. Mean mass transfer Chilton-Colburn coefficient. 

results are shown precisely with the help of 
correlations 

JM = 0.63Re-° 543 

for the type I model of the rotor (7) 

and 

JM = 0.35 Re-°'545 for the type II model. (8) 

The Schmidt number of the electrolyte was known 
with an accuracy of + 7%. The mean square error of 
the mass transfer Stanton number was equal to 7.4% 
and for JM it was equal to 8.8%. The error of the 
correlations is equal to 17%. 

Peculiar feature:s of the cases investigated, such as 
developing hydraulic boundary layer, comparatively 
short diffuser-like ducts, non-typical shape of the 
cross-section of the ducts, curved duct axes and slot- 
communication of neighbouring ducts, make it diffi- 
cult to present an appropriate comparison of the 
results with those of similar investigations because it 
is difficult to find the latter. 

Nevertheless, the results of investigations of the 
type I model of the rotor can be compared, in Fig. 8, 
with the results of previous investigations of the 
author ([9], p. 44, Fig. 6) for the inner surface in a 
straight annular duct, with L/Dh = 6.32 (value almost 
the same as in the present case), and fully developed 
flow. The results of present measurements lie higher 
on the graph, which may be explained firstly by the 
occurrence of nondeveloped flow at the inlet to the 
cathode. 

Secondly, the intensity of mass/heat transfer may 
be enhanced thanks to secondary swirling motions in 
the flow along the duct. The phenomenon [10] occurs 
under the action of the transversal velocity component 
wt of the fluid entering, partially slot-wise, the test 
section at radial welocity Wr inclined at ~ to the main 

t See Acknowledgements. 

stream at the inlet to the duct, as depicted in Fig. 9. 
Thirdly, the influence of the curved duct axis resulted 
in inducing a secondary flow due to the centrifugal 
forces [11, 12], which may also cause an additional 
enhancement of the mass/heat transfer rate. 

The results of measurements were used for simple 
comparative heat transfer calculations for rotors of 
type I and II of the same length of 50 mm in an 
example for dry air at pressure 1 bar and mean tem- 
perature of the air of 30°C. Some data for the rotors 
are given in Table 1. The other main data are given in 
Table 3. 

The latter are the same as for the rotor of the SFE 
used for flow and heat transfer investigations.t 

The calculations based on the Chilton-Colburn 
analogy between mass and heat transfer" 

jM = JH = StH Pr 2/3 (9) 

were made regarding two variants : (1) of equal air flux 
of 2 N m 3 min-t  and (2) of equal Reynolds number of 
844, i.e. at Re, which occurred for the rotor of type I 
at variant 1. It proved for variant 1 that : 

lO0%(hl -h lO/h .  = 18% and 
100%[(bAn)Ill- (hAH)hl/(hAH)I, = 27%. 

For variant 2 : hi ~ 1.05hn and 
100%[(hAH) I .--  (hAH)h]/(hAH)h = 52%. 

The last value is valid in the whole range of Re com- 
mon for rotors of both types. 

The results allow the type of rotor to be selected from 
the point of view of intensity of heat transfer. But 
some comments have to be made. 

In the case of entire similarity for straight ducts one 
correlationjM = jM(Re) or Nu = Nu(Re) for all ducts 
is valid and the mass/heat transfer coefficient is 
inversely proportional to the hydraulic diameter for 
the same Reynolds number. 

Mass/heat transfer correlations for ducts I and II 
differ from one another because: 

(1) There is no geometric similarity between ducts 
I and II and therefore there is no similarity of the 
main flows in them. 

(2) Secondary flows are also of different character 
according to the transversal component of the inflow 
stream velocity. 

In the case of duct I the partially slot-wise inflow of 
the fluid occurs in the middle regions of the cross- 
section of the duct, which results in inducing intensive 
symmetrical secondary flow fields and therefore in the 
enhancing of the effect of mass/heat transfer. 

In the case of duct II the inflow stream is to a 
great extent tangential to the flat wall of the duct and 
therefore substantial friction losses in the boundary 
layer at the flat wall may weaken the secondary flows, 
resulting in reducing the effects of mass/heat transfer 
in comparison with duct I. 

The curvature ratios of the ducts are gi~ > 6., which 
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CROSS SECTION 
B-B A - A  

DUE TO THE "SLIT" ALSO DUE TO 
TRANSVERSALFLO/~ CENTRIFUGAL FORCES 

TYPE 

I i 

Fig. 9. Secondary flows at inlet and outlet of the curved duct. 

Table 3. The other main data for rotors 

Dimension Notation Units 

Rotor of length 50 mm 

of type I of type II 

Quantity of corrugated elements 
Quantity of flat elements 
Overall surface of heat transfer AH 

pcs 32 26 
pcs - -  27 
m 2 0.319 0.477 

causes an  intensification of  secondary flows in duct  I 
in compar i son  with duct  II [11, 12]. 

Tha t  is why a possibility exists tha t  hi may  even be 
greater  than  h . ,  as given in example above,  t hough  
Dh~ > Dhl~, as in this case. 

CONCLUSIONS 

(1) The usefulness of  the electrolytic technique for 
the experimental  invest igat ion of  the convective mass/  
heat  t ransfer  coefficient for certain porous  s tructures 
has  been fully confirmed. 

(2) The correlat ions j~  = JM(Re) for two types of  
the ro tor  of  the sucking and  forcing regenerative heat  
exchanger  for static condi t ions  are presented in a form 
ready to use. 

(3) The technique and  form of  presenta t ion  of  the 
results makes  it possible for the opt imizat ion  to be 
easily carried out. 
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