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Abstract--This work presents an experimental study of the heat transfer in a vibrofluidized bed 
and an investigation of the vibrofluidized bed coating process of thin copper plates. 

At superficial velocities close to that of minimum fluidization the heat transfer coefficient in- 
creases with the air flow rate and also with the immersion depth in the bed. It is independent of the 
initial object temperature. 

For different experimental conditions the obtained vibrofluidized bed coating thicknesses in- 
crease with the initial object temperature and immersion time. When compared with the theoretical 
predictions calculated for a regular fluidized bed, they show a good agreement. The temperature- 
time histories of the coated object are also recorded and compared to theoretical results. 

1. I N T R O D U C T I O N  

One of the widely used powder coating techniques is the fluidized bed coating (Pettigrew 
1966; Toth 1970; Conte 1969). In this method the metallic object to be coated is first heated 
to a temperature which is higher than the melting temperature of the fluidized plastic 
powder. Then the hot object is immersed in the fluidized bed. The plastic particles in contact 
with the body melt and adhere to it, forming a coating layer on the object. When the 
required coating thickness is obtained the body is removed from the fluidized bed. In order 
to obtain pit free coatings, the object is sometimes reheated in an oven. 

The coating thickness obtained by this technique depends on the initial temperature of 
the object, the melting temperature of the plastic powder, the immersion time, the physical 
properties of the object and the powder and the heat transfer coefficient between the 
object and the fluidized bed. If the heat capacity of the object is very large or the proper 
amount of heat is supplied to the body during the coating process, the temperature of the 
object may be considered as constant. In this case the coating thickness increases until at 
steady state the heat conducted from the object through the coating is equal to the heat 
convected to the fluidized bed (Gutfinger & Chen 1969). If the object possesses a finite 
heat capacity, then its temperature decreases during the coating process with the coating 
thickness depending strongly upon the rate at which heat is convected to the surroundings 
(Abuaf& Gutfinger 1973). 

One of the essential characteristics of the fluidized bed is its fluid like behavior (Kunii & 
Levenspiel 1969). The object to be coated can be immersed easily. As the gas velocity is 
increased above the minimum fluidization velocity, the fluidity of the bed is enhanced. 
But at high gas flow rates the fluidized bed becomes unstable and discontinuities or bubbles 
appear. 
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The heat transfer coefficient between a fluidized bed and a surface is very high and in- 
creases with the fluidization gas velocity (Gelperin & Einstein 1971 - Gutfinger & Abuaf 
1974). For  a body of finite heat capacity a very large heat transfer coefficient implies a 
limitation of the final coating thickness obtainable. Thus, one would like to keep the heat 
transfer coefficient as low as possible while still retaining high bed fluidity required for easy 
dipping of the object into the bed. Bubbles present during operation of the fluidized bed 
have an adverse effect on the uniformity of the coating. A reduction in bubble formation is, 
therefore, very desirable. 

One way of maintaining a low heat transfer coefficient with a fairly high fluidity, while 
at the same time reducing the amount  of bubbles is by operating the fluidized bed close to 
minimum fluidization velocity and vibrating it simultaneously. 

The vibrofluidized bed has a higher fluidity at minimum fluidization and also has a 
tendency to reduce the discontinuities while keeping the heat transfer rate almost constant. 

In this investigation first the variation of the heat transfer coefficient in a vibrating 
fluidized bed is studied in order to determine the operating conditions for the coating 
experiments. Then, based on the obtained results, the vibrofluidized bed coating experi- 
ments are performed and the data compared to the theoretical calculations. 

2. HEAT TRANSFER STUDIES IN A VIBRATING FLUID1ZED BED 

In the first part of this study the heat transfer coefficient between a vibrating fluidized 
bed and a surface was determined experimentally and its variation with the different 
parameters was investigated. The experimental conditions were adjusted such that no 
coating of the object would take place. 

2.1 Characteristics oJ'the fluidized plastic powder 

The plastic powder which was fluidized consisted of Nylon particles, available com- 
mercially under the name RILSAN 11. A size distribution analysis of the commercial 
powder was accomplished by means of a simple sieving experiment. The apparatus con- 
sisted of an Endecott test sieve shaker and a series of sieves with standard mesh sizes. Two 
hundred grams of the plastic powder was put on the upper sieve and vibrated for a period of 
20 min. Then the weight of the particles remaining on each sieve was recorded and a weight 
size distribution of the particles obtained. The results of the sieve analysis are presented in 
figure 1. The volume mean diameter of the nylon powder as calculated from this graph is 
125 ktm. The physical properties of the nylon powder were reported by Landrock (1964): 

Pc = 1.07g/cm3; cc = 2.43J/g°C: kc = 2.62 x 10-3 W/cm°C 

where Pc, co, and k c are the density, specific heat and thermal conductivity, respectively, of 
the coating material. These properties were assumed to be independent of temperature, e.g. 

constant during the experiments. The nylon polymer has a softening range 200-240°C. The 
assumption of temperature independent physical properties is not too good especially 
close to, or within the softening range. In the theoretical solution we assume a melting point 
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Figure l. The cumulative percentage frequency curve for particle size distribution. 

of 220°C instead of the softening range 200-240°C. Some deviations between theory and 
experiments may be attributed to these assumptions. 

In the heat transfer studies the object was heated up to 175°C so that no coating of the 
object took place. In the second part of this investigation the body was heated up to 350°C 
and the coating thicknesses obtained were compared to the theoretical predictions. 
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Figure 2. Schematic representation of the experimental set-up. 
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2.2 Description o/the experimental set-up and procedure 

A schematic of the experimental set-up is presented in figure 2. It consists of a 11.4 cm 
diameter and 26.5 cm high fluidized bed filled with powder to a height of Lo = 15.5 cm 
attached rigidly to a table together with a 50-Hz vibrator. The porosity of the bed at rest 
was 0.4 while during the experiments it increased to 0.45. During operation the vibrator 
induced a vibrating motion in the vertical direction to the fluidized bed. The nylon powder 
was fluidized by means of an air stream entering the fluidized bed through a 0.8 cm thick 
sintered bronze porous plate located at the bottom of the bed. Due to its high hydraulic 
resistance the plate insured an even distribution of the incoming air as checked by measure- 
ments of air velocities above the plate taken with a hot wire anemometer. 

The heat transfer and the coating experiments were all performed with identical copper 
plates of dimensions 6.4 × 5.4 x 0.3 cm 3 in which copper-constantan thermocouples 

were embedded. The readings of the thermocouples were recorded by means of a potentio- 
meter calibrated strip chart recorder, thus providing a continuous temperature history. 
The copper objects were heated inside an electric resistance oven whose temperature could 
be thermostatically controlled to within 2°C accuracy. 

The procedure of measurement of the heat transfer coefficient consisted of heating the 
copper plate to a given temperature in the oven and then immersing it in the fluidized bed 
and letting it cool while its temperature-time history was recorded. This provided the neces- 

sary data for determining the heat transfer coefficient. The copper plate was taken as a 
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lumped parameter system of uniform temperature. Preliminary experiments were per- 
formed in still air and in front of an operating fan with the purpose of checking the re- 
producibility of the results. The procedure and apparatus were accepted as satisfactory 
after reproducible results were obtained in different experiments. The heat transfer ex- 
periments with the operating fan were also performed during the fluidized bed heat transfer 
studies. Their consistent reproducibility as compared to the high scatter of data obtained 
with the fluidized bed, serve to maintain our confidence in the reliability of the measuring 
system. 

2.3 Heat trans[er results 

The heat transfer coefficient in a fluidized bed is a function of many variables. Several 
investigators have studied this problem experimentally and a large number of heat transfer 
correlations have been proposed (Gutfinger & Abuaf 1974). In the present study we have 
looked at the effect of several variables on the heat transfer coefficient in a vibrofluidized 
bed in order to be able to describe quantitatively the coating process. 

Figure 3 presents the variation in heat transfer coefficient with the air flow rate through 
the vibrofluidized bed. The static bed height was Lo -- 15.5 cm, while the copper plate 
heated to 100-120°C was immersed in the bed to a depth of 10.5 cm from the bottom. We 
decided to dispense with ordinary practice of plotting heat transfer coefficients on log-log 
graph paper in order to emphasize the difficulties in obtaining reproducible heat transfer 
data in fluidized bed studies. It should be noted that the spread is entirely due to the dynamic 
conditions of the fluidized bed and not due to the instrumentation which was found to gwe 
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reproducible results in runs performed in air. The increase in the heat transfer coefficient 
with the air flow rate follows typical heat transfer results obtained in the literature (Gutfinger 
and Abuaf 1974) in the range close to the minimum fluidization velocity. A superficial gas 
velocity uo = 0.308cm/s, corresponding to the lowest velocity of stable fluidization, 
minimum fluidi}ation velocity, of the vibrofluidized bed, was chosen for the rest of the 
experiments. 

Figure 4 presents the variation of heat transfer coefficient with distance from the bottom 
of the bed at a superficial air velocity OfUo = 0.308 cm/s. In spite of the spread of the results, 
it is fairly apparent that the heat transfer coefficient increases with immersion depth until 
it reaches a distance of 3-4 cm from the bottom of the bed where entrance effects become 
apparent resulting in wide spread of the results. The monotonous increase in heat transfer 
coefficient with immersion depth is contrary to accepted views on this matter (Gutfinger 
and Abuaf 1974), according to which the heat transfer coefficient should be independent 
of the object's position in most of the bed, but close to the active entrance region at the 
very bottom. We have decided to perform our coating experiments at a distance of 10.5 cm 
from the bottom (an immersion depth of 5 cm), in order to standardize the experimental 
conditions. 

The heat transfer coefficient in a fluidized bed is said not to be dependent on the object 
temperature. We have checked whether this is true also in a vibrofluidized bed. As seen in 
figure 5, the effect of initial temperature (up to 175°C) on the heat transfer coefficient, was 
found to be negligible. 

3. T H E O R Y  O F  F L U I D I Z E D  B E D  C O A T I N G  

The problem of fluidized bed coating may be viewed as a variation of the well known 
Stephan problem (Kyner 1959). Here a hot object immersed in a fluidized bed loses part 
of its internal energy as heat to the bed, while another part is being used to melt the plastic 
]0owder forming the coating layer. This heat transfer process can be described by the 
simultaneous solution of the heat conduction equation in the coated object and the conduc- 
tion equation in the growing coating layer with the proper matching boundary conditions. 
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If the coated object possesses a very large heat content, its temperature could be taken 
as constant during the coating process. The case of constant-wall-temperature fluidized 
bed coating was solved by Gutfinger and Chen (1969). The more general case is that of the 
variable object temperature. Typically one coats metallic objects of high thermal conductivity 
with a plastic coating of relatively high thermal resistivity. Here the object temperature, 
although dropping with time, will remain fairly constant throughout the body at any time ; 
thus the object may be represented as a lumped parameter system. The solution for the 
case of variable object temperature, which is applicable to fluidized bed coating of thin 
plates was obtained by Abuaf and Gutfinger (1973) and Elmas (1970). All these solutions 
were developed for a regular fluidized bed under the assumption of a known, constant heat 
transfer coefficient between the object, or coating, and the bed. In the present paper we 
have attempted to find out firstly whether this condition applies also to a vibrofluidized 
bed, and secondly whether the fluidized bed coating theory as a whole holds also in the 
case of vibrofluidized bed coating. As seen in the first part of this paper dealing with heat 
transfer to a vibrofluidized bed, the heat transfer coefficient at given gas flow and vibration 
conditions is independent of initial object temperature. Thus we decided to apply the 
fluidized bed theory to vibrofluidized bed coating without any modifications. 

We now summarize shortly the theoretical approach presented previously (Abuaf & 
Gutfinger 1973). The heat transfer within the coating is given by the one-dimensional heat 
conduction equation : 

OT O2T 
p~c~ ~ -  = k~ ax 2 [1] 

with the initial and boundary conditions : 

T(O,O) = Two [23 

r ( o ,  t) = Tw(t) [3] 

T(& t) = T,. [4] 
~,a(t) 

mwCw (Two - Tw(t)) = ht(Tm - Too) + p¢c¢ l ( T  - Too)dx [5] 
Aw Jo 

~XX x=~ dr~ - k ~  OF = h(Tm - Too) + p~c~(T~ - T~) d t  [6] 

6(0) = O. [7] 

Here 6 denotes the coating thickness, h the heat transfer coefficient, mw, cw, and Aw the 
mass, specific heat and surface area of the coated object, respectively, while Tm denotes the 
coating melting temperature and Too the temperature of the bed. The initial object tempera- 
ture is denoted as Two while that at time t as Tw(t). 



690 N. ABUAF and c. GUTFINGER 

Equation [5] provides the integral heat balance for the time interval (0, t) for the coated 
object while [6] is the local balance at the bed to coating surface. The problem was re- 
defined in terms of a dimensionless coordinate ~, time r, temperature 0, and coating thick- 
ness A, respectively. 

7. x kct ( h ( Tm- T~ I2 
- = = - T )I 

and solved by a heat balance integral technique similar to the one used by Goodman (1958). 
The solution resulted in plots of dimensionless coating thickness, A, as a function of 
dimensionless time, z, dimensionless melting temperature Ore, and a coating parameter, Z : 

where 

A : z_~(r :Om,Z ) 

T,.-T~: pccckcTwo-T,. 
0,, Two - T.~ Z pwCw hL T m -  T~ 

Here L denotes half the thickness of the object. Figure 6 is typical of the numerical results 
obtained for 0,, = 0.8. 

For a given object and coating material, e.g. for constant Pc, co, kc, Pw, cw and Tm, the 
parameter Z expresses the coating conditions for a certain experiment as defined by the 
thickness of the coated object (2L), the dynamics of the fluidized bed as reflected by the 
heat transfer coefficient, h, and the temperature to which the object is heated (Two) before 
immersion into the bed. 
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Figure 6. Theoretical predictions for dimensionless coating thickness and dimensionless object 
temperature as a function of dimensionless time. 
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4. C O A T I N G  E X P E R I M E N T S  

The procedure followed in the coating experiments was similar to the one in the heat 
transfer studies, the only difference being the higher initial temperature of the object (250- 
350°C). In order to facilitate coating, the object was heated above the softening temperature 
of the plastic powder. The experiments were performed by immersing the hot object into 
the vibrofluidized bed and removing it from the bed after a given time. The coating thickness 
was computed from the object weight gain divided by its exposed area and the powder 
density. The thickness obtained in this way is an average thickness. Micrometric pointwise 
measurements were performed on several samples and showed that the variation of these 
thicknesses from the average one is within + 5 per cent, on all of the exposed surfaces but 
the edges. 

Figure 7 presents plots of coating thicknesses versus immersion time for copper plates 
being coated by nylon powder, the characteristics of which were described above. In these 
experiments the initial temperature and the immersion time were varied. As seen, the 
coating thickness increases with initial temperature and immersion time, as it should. 
However, contrary to the theoretical predictions we observed a slight but consistent de- 
crease in the thickness for the last stages of the coating process. It seems like this decrease is 
due to the fact that at prolonged immersion times the outer layer formed consists of partially 
softened particles forming a fairly rough surface. These particles may be transferred back 
to the bed due to the abrasive action of the vibrofluidizing process. In practice the coated 
object should be removed from the bed somewhere before the maximum thickness is 
reached, in order to ensure a smooth surface finish. 
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In order to check the applicability of the fluidized bed theory to the vibrofluidized bed 
coating process, the solution obtained previously by the present authors was compared 
with the experimental results presented here in figures 8-11. On the average the fit between 
experimental and theoretical coating thicknesses seems quite good (maximum deviation 
of 20 per cent) with a spread being not more pronounced than the one observed above in 
ordinary heat transfer coefficient measurements. 

As these data are based on the above measured heat transfer coefficients, the present 
authors are quite satisfied with the results. Still there is a visible deviation between the 
theoretical and experimental thicknesses for very short values of dimensionless time, r:  
with the experimental ones being on the lower side. This deviation is not due to a possible 
systematic error in time measurement, therefore, it may indicate experimental conditions 
under which some of the assumptions underlying the theory may not hold. It is suspected 
that the assure 9tion of a uniform object temperature does not hold for very short times. 
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For short times, the outer surface of the object which is in contact with the coating will be 
markedly lower in temperature than the rest of the body, resulting in a lower coating thick- 
ness as observed in reality. 

The theoretical and experimental dimensionless object temperatures, 0,,,, are also plotted 
in figures 8-11 as a function of the dimensionless time, ~. The theoretical temperatures were 
calculated only for the time period between the immersion of the object into the fluidized 
bed and the time at which the final coating thickness was obtained. After final thickness is 
attained, the boundary condition of constant temperature at the coating surface does not 
hold any more and thus the present numerical solution cannot be continued. As the object 
temperature is of secondary importance in the coating study, the authors did not feel it 
worthwhile to reformulate the heat transfer problem for the constant thickness cooling 
period. "Fhe experimental dimensionless object temperatures are about 10 per cent lower 
than the theoretical ones. This deviation may be attributed to the assumption of constant 

I'01 " O °  ° 0 ~ 0 0 ~  0 OD 0 0 0 O0 

O. • I t  • • • 

OR 0'~ ~ a • / I I' s 

0 I 
0 I 

• COATING THICKNESS Z,0"544 

D OBJECT TEMPERATURE em,0.595 

THEORY TwO -356 eC 
[ I 
2 3 

T 

Figure 11. Dimensionless coating thickness and object temperature as a function of dimensionless 
time. Comparison between theory and experimental data. 



694 N. ABUAF and c. GUTF1NGER 

physical properties of the coating material, especially that of constant heat capacity. It is 
known that in amorphous polymers the heat capacity changes markedly in the vicinity of 
the softening range. 

5. S U M M A R Y  A N D  C O N C L U S I O N S  

The purpose of the present study was to investigate experimentally the vibrofluidized 
bed coating process in comparison with existing theories. This study was divided into two 
parts. The first part dealt with heat transfer in a vibrofluidized bed. The second part des- 
cribed coating experiments performed, and compared with results obtained with a coating 
theory derived previously for ordinary fluidized beds. The heat transfer data obtained in 
the~first part were used in the theoretical computations needed for the coating study. 

The following conclusions may be drawn from the heat transfer study : 
(1) The heat transfer coefficient measured close to the minimum fluidization velocity, a 

range used in coating practice, shows a strong increase with the superficial air velocity 
(figure 3). 

(2) The heat transfer coefficient shows an increase with immersion depth not only in the 
active region close to the bottom of the bed but throughout the bed as well (figure 4). 

(3) It was found that the heat transfer coefficient is independent of the initial temperature 
of the immersed object corroborating the results from the literature for non vibrating 
fluidized beds (figure 5). 
The results of the coating studies may be summarized as follows : 

(1) The coating thickness increases with the initial object temperature as well as with 
immersion time (figure 7). 

(2) Contrary to theoretical predictions the coating thickness vs. immersion time plot shows 
a slight decrease for long immersion times probably accounting for the abrasive 
behavior of the fluidized bed. 

(3) In general there is good agreement between the theoretical solution for fluidized bed 
coating thicknesses and those found by experiments in vibrofluidized beds for varied 
experimental conditions. However, the theory seems to give higher predictions for 
thickness at very short immersion times. 

(4) The temperature drop of the coated object is higher than the one predicted by the 
numerical solution, possibly reflecting effects of variable properties that were not taken 
into account. 

(5) In general one may sum up that the theoretical model developed for coating in an 
ordinary fluidized bed can also be applied satisfactorily in predicting coating thicknesses 
in vibrofluidized bed coating process. 
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R6sum6--Dans  ce travail, on pr6sente une 6tude exp6rimentale du transfert de chaleur dans un bain 
fluidis6, par vibrations et une investigation du processus de rev~tement, dans un bain fluidis6 par 
vibrations, de plaques minces de cuivre. 

A des vitesses surfaciques proches de celle de la fluidisation minimum,  le coefficient de transfert 
de chaleur augmente  avec le d+bit d 'air  ainsi qu'  avec la profondeur  d ' immers ion  dans le bain. I1 est 
ind~pendant de la temperature initiale de l'objet. 

Dans  des conditions exp6rimentales diff6rentes, les 6paisseurs de rev&ement obtenues dans un 
bain fluidis6 par vibrations augrnentent avec la temp6rature initiale de l 'objet et le temps d'imrner- 
sion. Les 6paisseurs exp6rimentales sont  en bon accord avec les r6sultats de calculs th6oriques dans 
le cas d 'un  bain fluidis6 r6gulier. Les 6volutions en fonction du temps de la temp6rature de l'objet 
qui est rev~tu sont  aussi mesur6es et compar6es aux r6sultats th60riques. 

Auszug--Diese Arbeit stellt eine experimentelle Studie des Waermeuebergangs in einen vibrieren- 
den Fliessbett dar, und  eine Untersuchung des Ueberziehprozesses duenner  Kupferplat ten in 
einemvibrierenden Fliessbett. 

Solange die Oberflaechengeschwindigkeiten in der Naehe der minimalen bleiben, die fuer das 
Fliessbarmachen erforderlich sind, waechst der Waermeuebergangskoeffizient mit  dem Luft- 
durchsatz,  und ebenso mit der Eintauchtiefe im Fliessbett. Er ist yon der Anfangstemperatur  der 
Objekte unabhaengig.  

Unter  verschiedenen Versuchsbedingungen waechst die im vibrierenden Fliessbett erhaltene 
Ueberzugsdicke mit  der Anfangstemperatur  der Objekte und der Eintauchzeit. Die Versuchsergeb- 
nisse s t immen gut mit  den theoretischen Voraussagen ueberein, die unter  Annahme  eines regel- 
maessigen Fliessbettes berechnet wurden. Die Aenderung der Temperatur  der ueberzogenen 
Objekte mit der Zeit wurde ebenfalls aufgezeichnet und mit den Ergebnissen der Theorie ver- 
glichen. 

Pe3mMe--HacTo~ma~ pa60Ta npe~tcTaa~eT c060~ 3Kcnep~MenTa_~bnoe Hcc~e~oBanHe 
xen~onepenoca B nceB ~2OOXH~eHHOM BH6palIeHHOM c.70e H npottecca llOl(pblTH~t TOHKOH Me~HO~ 
n.rlaCTttHbI C HOMOLUblO TagOBOFO. 

Flpr~ CKOpOCT,ttX Ha IIOBepXHOCTH, ~.rlH3gHX K 3naqeHHgM MHHHMaJIbHOFO O~KIDKeHH~I, 
KO3t~HI2HeHT Ten~onepeHoca ]ao3pacTaeT c yBe.rlI'IqeHHeM cgopocTH Bo3~ymHoFO noTo~a, a 

Tar~Ke c yBe~rlqeHHeM rJIy6rirtbI norpy~er~Ha B c:~o~, HO He 3aBnCHT OT rtaqa~bHO~ TeMnepaTypbl 
o6~e~Ta. 

I-IpH pa3Hoo6pa3nbIX yC,qOBH~X 3gcnepllMeHTa TO.rlIIIHHbl HOKpblTH~, ;Io~yqeHHOrO C nOMOUlblO 

O~IOgeHnoFo BH6pauHefi enos,  ao3pacTa~rl c HaqaJ~bHOfi TeMnepaTypofi 06~,e~Ta ~ r.r~y6HHOfi 
norpy~eaHs.  CpaeHeHrte c npe~cKa3aHHh[M Ha OCHOBe TeopeTHtleCKOFO pac'~era a~a O6bltlHOrO 
~H~IKOFO C~Og noga3l,IBalOT xopoluee COOTBeTCTBHe. HapaRy c 3THM yqTeHO TeMnepaTypHori 
upeMeHHoe npom~oe noKpblBaeMoro O~51,eKTa H cpaBHeHO C TeopeTHqeCgHMH pe3y~bTaTaMtt. 


