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A theoretical model developed predicts the tliickneJJ of a polymer film, coated on a 
rotating and translating cylindrical support. A model for the deposition process can be 
used to determine optimal operating conditions. It was ualidated experimentally and 
shows that the film-thickness morphology is quite sensitive to certain operatingpurame- 
ters. For example, particular set3 of operating parameter ualiies can produce highly 
nonunifOrm film thicknesses. Selected e.xamples of the model calculatioru are discussed, 
as well as their implications. 

Introduction 
Coating polymer films onto various substrates is common 

practice in many industrial applications. Usually these appli- 
cations require the precise and controlled thickness of the 
films (Persoons and Van Brussel, 1993; Vivckanandhan et al., 
1994). Furthermore, controlling thickness is an important fac- 
tor in avoiding cracking during curing processes since it is 
well-known that there exists a critical cracking thickness, be- 
low which the film has mechanical properties that are more 
plastic-like than in the bulk (Hutchinson and Suo, 1991). 

Recently, we have prepared continuous nanoporous car- 
bon (NPC) membranes (Chen and Yang, 1994; Rao and Sir- 
car, 1993, 1996; Kasakabe et al., Singh-Ghosal and Koros, 
2000) as thin films supported on porous stainless-steel tubes 
(Acharya et al., 1997; Acharya and Foley, 1999, 2000; Shiflctt 
and Foley, 1999). The porous stainless tube was coated with a 
solution of poly(furfury1) alcohol using an ultrasonic spray 
apparatus; see Figure 1 (Shiflett and Foley, 2001). To pro- 
duce the carbon, the polymer was pyrolyzed on the support 
in an inert atmosphere. These NPC membranes prepared in 
this way showed an unprecedented molecular selectivity in 
permeation and transport. However, one difficulty encoun- 
tered in the manufacturing of these NPC membranes was mi- 

cro-crack formation during pyrolysis due t o  nonuniform film 
thickness. It was estimated that the onset of catastrophic film 
cracking occurs in thc vicinity of a critical film thickness of 20 
pni  (Shiflett et al., 2000). This problem reduces the repro- 
ducibility of the membrane synthesis process. At the same 
time, it  was found that the film thickness cannot be too thin 
or else the high selectivity produced by molecular transport is 
lost. Thus, the polymer deposition process must be carefully 
controlled in order to produce membranes with the desired 
thickness and uniformity, reproducibly. 

Several operating parameters are related to the control of 
the film thickness and uniformity. Rotational and transla- 
tional speeds of the cylindrical substrate, the number of re- 
peated coatings, the geometrical relationship between the ul- 
trasonic spray-nozzle (Hueter and Bolt, 1960: Frederick, 1965: 
Ensminger, 1973; Suslick, 1988) and the substrate, the flux of 
the polymer solution to the substrate, and the degree of an- 
gular spread of the spray beam each contribute to uniformity 
and thickness. Hence, a theoretical model that relates each 
of these parameters to a prediction of film thickness and uni- 
formity is highly desired. Surprisingly little has been done 
previously toward this goal. There are at least two theoretical 
models in the literature that describe spray coating (Figueroa 
and Diaz, 1992: Hansbo and Nylen. 1999) and other work on 
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Figure 1. (a) Overview picture of polymer coating appa- 
ratus, (b) enlarged view of ultrasonic spray 
nozzle system. 
In  ('11. ,A: syringe pump to regulate the flow of polymer solu- 
t ion :  B: ultrasonic spray nozzle; C: unit for translational mo- 
t i o n  of  cylinder: D: electric motor for cylinder rotation. An 
electronic controller is not shown hcre. In  (h), A: ultrasoni- 
cally vibrating nozzle head; B: cylindrical support to be 
Coaled. 

thermal spray coating (Fasching et al., 1993; Goedjen et al., 
1995; Leigh and Berndt, 1997; Montillet e t  al., 1998; Nylen et 
al., 1996), but no theoretical model describes the problem of 
coating a translating and rotating tube. Therefore, we have 
developed a gcneral model for this procedure. 

Experimental Procedure 
Since the spray beam's characteristics are important for the 

development of the coating model, we conducted a series of 
experiments to determine the quantitative relation between 
the volume flow rate ( V )  and the beam's angular spread (0,) 
and effective radius ( r , )  (see Figure 2). Experiments were 
performed by spraying flat sheets of paper with polymer solu- 
tion at various distances ( L , )  from the nozzle head. By mea- 
suring the resultant coating's width with varying L ,  and V,  
the relationships between O 0 ,  rl), and 3 were obtained. For 

I 

I 

I 

Figure 2. Geometrical definition of spray nozzle. 
S: hypothetical point source of spray beam; r , , :  effective ra- 
dius of spray beam at nozzle face; and O , , :  angle of  spray 
heam spread, tan B,, = r ,&, , .  

example, in the case of a solution of 30 mass percent polymer 
in acetone, we found the following correlation: ro = 0.0458 + 
0 5 1 9 1 6 ,  and 0, 7 - 18.14+326.31/-499.0p2: r0 in cm, 0, 
in degrees, and V in cm3*min-' (for 0.1 I QI 0.3 cm'. 
min '1. For solutions with different concentrations, the nu- 
merical coefficients of these equations differed, and the 
higher the polymer concentration, the smaller was the angu- 
lar spread (19,) of the beam. 

Liquid densities ( po) of the polymer/acetone solution were 
measured, since this information was also needed in the coat- 
ing model. An empirical density correlation was derived: po 
= 0.7827+0.3175w +0.1112w2 at 25°C with po in gecm-', 
and w the mass fraction of the polymer in acetone (for 0 2 w 
- < 1). 

To validate the coating model calculations, a cylindrical 
support was wrapped with a sheet of paper and sprayed with 
poly(furfury1) alcohol using the ultrasonic spray system. The 
support diameter. 2 d  = 2.54 cm, and the paper sample di- 
mensions were 3.14 c m x  10.16 cm. The distance from the 
nozzle face to the cylinder surface, L ,  = 2.22 cm, mass frac- 
tion of polymer concentration, w = 0.3, polymer-solution flow 
rate, 3= 0.2 cm'emin-', rotational frequency, f,( = 1.0 s -  I, 
coverage distance measured in the axial direction, L' = 7.62 
cm, and number of coating passes, N = 16, remained con- 
stant. Two different translational velocities, u;, were tested 
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0.7645 cm.s- '  and 0.6850 crnes-'. The ultrasonic nozzle was 
powered by a generator operating at 2.0 J . sC ' .  The samples 
were allowed to air dry for 24 h. and were imagcd using a 
UMAX PowerLook 2000 scanner operating in reflection 

mode. The images were scanned in color with a resolution of 
100 dots per inch. Reference samples with known masses of  
poly(furfury1) alcohol polymer were also sprayed to calibrate 
color intensity with polymer thickness. 

T 

. x  
d 

Figure 3. Definition of coordinates and symbols for spray nozzle and cylindrical support. 
(a) View of spray coating on cylinder surface. S: hypothetical point source of ,pray hcani; P :  arbitrary point on the cylinder (radius d )  
aurfacc: (0: angular frequency of rotating cylinder: ii;: translational velocity of cylindcr in forward and hack\card direction: and @,,: angle ot 
spray beam spread. tan @,, = R/L ,. (h) Cross section o f  x ,  r-plane containing the point. P. and dcfinition of angle. p.  ( c )  Cross rcction of 
x.?-plane containing the point, P ,  and definition of phase angle p. 
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Model Development 
First wc consider the case of a stationary cylindrical sur- 

face. Figures 2 and 3 illustrate the geometrical relationship 
between the spray nozzle and a coating cylinder. Then, an 
arbitrary point. P ( x , y , z ) ,  on the cylinder surface can be lo- 
cated as follows 

x =Isin Osin p = dcos cp 

y = L - lcos O = dsin cp 

z = lsin Ocos 0, 

(1) 

( 2 )  

(3) 

whcrc I ,  is given by 

L = I-,, + I, + d = ro/ tan Bo + L ,  + d ,  (4) 

and the distance, I, is measured from the hypothetical point 
source of spray beam S to point P on surface in Figure 3. It 
is convcnient to express / in terms of the variables, z and cp, 
for later use. This can be easily done by eliminating the 6 
and /3 variables using Eqs. 1, 2, and 3 .  

I-’ = z’ + d’ + L’ -2Ld sin p. (5) 

Now, consider a small area of surface, dS around the point 
P ,  in contact with a volume V containing N spray particles 
(see Figure 4). Our problem is to calculate the frequency of 
particlcs hitting the surface, that is, the number of particles 
that strike thc surface, dS, in unit time. Imagine an average 
particle velocity of magnitude C, the direction of which lies 
within a solid angle, dS//’, at an angle 0. In a time interval 
dt ,  particlcs with velocity C will hit the surface provided they 
are within a distance d t  cos y from the surface. If there are 
N/V particles per unit volume, the number of such particles 
striking unit area in the 6 direction is 

dN = ( N / V  )CCOS yd t .  ( 6 )  

Next, we assume that all striking particles having an aver- 
age mass i5 will be deposited on the surface dS during the 
time dt and form a small coated volume, dS.dh,, with a 
thickncss of cih and a polymer solution density of po .  Then, 
it holds that d%dS = dSdh,k p o .  However, the solvent of the 
polymer solution will be evaporated, leaving the polymer ma- 
terial on the surface with a thickness of dh and a polymer 
density of p. So. we assume dh, p o  = d h p  +(dh, - dh)p,  (a 
simple mass conservation), where is the solvent liquid den- 
sity. Then, thc preceding equation can be written in terms of 
the dry polymer thickness, dh: d f i  dS = dS dh po( p - 
p, )/( p,I - p ,  ). By inserting this relation into Eq. 6 and rear- 
ranging the equation the following differential equation is 
obtained for the coated thickness of polymers 

dh - pr N E i C  
cosy. (7) _ -  - 

dt Po( P - P , )  V 

Here the term NZiC/V is a mass flux of spray particles 
around the point P ,  within a solid angle, dS//*, at an angle 6 .  

dh V (  P I 1  - P, ) 1 

Y 

Figure 4. Geometry of a spray beam striking the sur- 
face point P of cylinder. 
C: average speed of spray particles; S: hypothetical point 
wurce of spray beam; unit vector normal to a small sur- 
- face dS; V :  small volume containing striking spray particls; 
S P  : spray-heam vector at angle 8 :  and y :  angle bctween PQ 
and @vectors. 

On the other hand, the total mass flux at the hypothetical 
point-source is given by (ep,,/rr;), where 9 is the volume 
flow rate of the polymer solution with density P , ~ ,  and rg is 
the effective radius of the spray-nozzle head, as shown in Fig- 
ure 2. Then the mass-flux term in Eq. 7 can be expressed in 
terms of the point-source mass flux times a solid angle reduc- 
tion term, which is inversely proportional to the square of 
distance from the source for a given dS area. The flux reduc- 
tion at point P is obtained, with respect to the same area dS 
at the nozzle head at the angle 6.  Thus 

Using Eqs. 4 and 5 with Eq. 8, and after some algebraic ma- 
nipulations, Eq. 7 becomes 

cosy 
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with a = tan 0,). 
Our next task is to discover various relationships among 

the free variables, y ,  0, cp. p, and z through analytical geom- 
etry, since they are not all independent of each other. First, 
the angle y between the vectors SP and PQ in Figure 4 has 
the following relation by taking the inner product of the two 
unit vectors 

cos y = cos 0 cos 9 -sin /3 sin H sin cp. ( 10) 

With the aid of Figures 3b and 3c, the relation tan p = d cos 
cp/z is obtained and applying an elementary trigonometric re- 
lationship the following equations resulted 

dcos cp Z 
sin p = , c o s p  = 

Jz2 +(dcos  cp)- Jz’+(dcoscp)’ 

Eliminating 1 from Eq. 2 and Eq. 3 and using Eq. 11 gives 
Eq. 12, 

a j z z  +(dcos  ‘ Fy  
tan 0 = a = tan Oo. (12) 

r , , + a ( L , + d - d s i n c p ) ’  

From this equation, we obtain 

Using these angular relationships, Eqs. 10, 11, and 13, the 
righthand side of Eq. 9 can be expressed in terms of two 
variables, z and cp 

with A = tan 0,,/C, B = d tan 0,/C, and C = + ( L ,  + d ) X  
tan 0,. It should be noted that this equation determines the 
differential polymer thickness at any point specified by the 
two variables, z and cp, with given geometrical parameters, 
rOr L , ,  and d. 

Now we are ready to consider the effect of moving the 
cylinder surface. When a cylinder rotating with an angular 
frequency, w ,  moves in the z-direction with a translational 
rpeed, u,, the rotational phase angle cp and the z-coordinate 
at a time t are 

The point specified by (z,,, cp,,) is a proper initial starting 
coordinate for coating. Here, we assume that the coating 
cylinder moves from right to left for the first coating pass and 
reverses the motion for the second pass [ - u, -j u, and zo  + 

- z0] ,  while the rotational motion is always the same direc- 
tion (see Figure 3). The arbitrary point P(x, y. z )  in Eqs. 1, 
2, and 3 is now a function of t 

x = dcos(  w t  + cp0) 

y = d s i n ( w t +  cpo) 

z = - U,t + z0. 

Then the coating-thickness equation. Eq 14, becomes a func- 
tion of t only, and the thickness can be obtained by integrat- 
ing with t .  However, it is convenient for the integration to 
rewrite Eq. 14 in terms of the position coordinate. z. From 
Eqs. 15 and 16, we have 

Using the relation dh/dt = (dla/dz)(dz/dt) = - u,(clh/dz). Eq. 
14 is written in terms of z 

The parameters A ,  B ,  and C are the same as those in Eq. 14. 
and cp is a function of z ,  given by Eq. 19. Then, the definite 
integral h of a “proper range” between z ,  and z,, h [z , ,z , ] ,  
becomes: 

+ B ’ + I - I B s i n c p - B s i n c p  c o s q  
X 1 clz. (21) 

( B’ + I - 2B cos cp + ( Az)’)( 1 - B sin cp) 

Untortunately. this integral cannot be solved analytically, and 
must be integrated numerically. However, when the angular 
spread of the spray beam is zero, or nearly zero (0, = 01, that 
is, a parallel beam, it is drastically simplified. since A + 0, 
B + 0, and C + ro. The integrand becomes a simple cos cp 
function, and the integral is given analytically 
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So far, we have not defined the proper ranges for integra- 
tion. Determination of the integration ranges of the coating 
on the moving cylinder surface is a challenging task. Since 
the coating only occurs on a part of the moving cylinder sur- 
face under the spray “shadow”(surface coverage area of spray 
beam), it is sufficient for coating of any part of the cylinder 
to consider only the shadow area. The cylinder length is im- 
material. The questions now are what the beam shadow looks 
like o n  the stationary cylinder surface, and how a point on 
the cylinder surface crosses the shadow area on the repetitive 
forward and backward motions with rotations. The proper in- 
tegral range, 2 ,  and z,, will be obtained after studying these 
questions. 

First, we have to look at the beam spread in the x-direc- 
tion. Figure 5 clearly illustrates the situation: Case (a) for a 
wide spray beam and Case (b) for a narrow spray beam. The 
angle of O(, or 8, in Figures 5a and 5b limits the x-direction 
of thc shadow. as well as the y-direction. These limiting an- 

gles are given below 

d tan 0” 

Y,, + ( L ,  + d )  tan H,, 
8, = sin- l (d /L )  = sin- I (23) 

and Ox, which is more complicated, since it is a solution of 
the following equation 

d\l l  -ccosz 0, = ( L  - d cos 0,) tan 8(, . 

But it is easily solved analytically because it can be reduced 
to a quadratic equation in terms of cos 0,. 

Next, the shadow limit of the z-direction must be investi- 
gated. This requires the knowledge on the contour of shadow 
shapes. The contour of the shadow on a stationary cylinder 
surface is a collection of all points that have the directional 

S 

‘\ 

Figure 5. Limiting angles of spray beam. 
Cross \ections of the x ,  y-plane containing spray-beam angle and  cylindrical support  a re  shown. (a)  Large spray-beam spread compared to 
diameter of cylindrical support  (0,) t Of!), and limiting angle = O(,. (b) Large diameter of cylindrical support  compared to spray-heam spread 
(fi,, c #,,), and limiting angle = O ( , .  
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angle of 0 = H , ,  in Eqs. 1. 2, and 3, since Oo is the maximum 
angle of the spray beam. Making the sum of the squares of 
Eqs. 1 and 2 with 8 = H,,, and inserting Eq. 2 and sin /3 from 
Eq. 11, aftcr some analytical manipulations we arrive at the 
following contour equation 

or, in terms o f  Cartesian coordinates 

i’+ s’ = [ a ( L ,  +a‘)+ Y ~ ,  - ay] ’ .  a = tan H(,. (26) 

The allowed ranges of x, y ,  and cp values are limited by thc 
limiting angles described earlier. These innocent-looking 
equations possess surprisingly rich features of shapes. A few 
examples arc shown in Figure 6. They are displayed as “cut- 
and-opened” figures (cutting the cylindcr pipe along the z-di- 

z’+d‘cos‘q=[ci(L, + c i ) + ~ , , - a d s i n q ] ~ ,  a =  tanH,,, 

(25) 

Figure 6. Examples of spray-beam coverage area on cylindrical support, shown as “cut-and-open view” along z -di- 
rection. 
(a)  H, ,  < O,, or HI, = 0 and large d ;  (b) H , ,  = 0 a n d  rl = iii: ( c )  HI, = 0 and  d 5 rll: ( d l  il,, > C$; (e )  H I ,  = 0 and d (< TlI: ( t )  H I ,  > tl,! and  f l , ,  larger  
than case (d). 
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rection and flattened as a sheet). The shape depends upon 
the combination of magnitudes of the parameters, r,,, L , ,  Oo, 
and d. The limits of the z-direction are shown by R and R,: 
I z I I R, or I z I I R,. R is simply given by R = ro + L ,  tan 
Oo, as illustrated in Figure 3, while R,r must be solved using 
Eq. 25, or Eq. 26 by inserting the limit angle 0, of Eq. 23: 
x = d cos O(,, y = d sin Od. or cp = O,/.  

Now, we are ready to discuss the proper integration range 
for Eq. 21 mentioned earlier. Any surface point on the mov- 
ing cylinder will be coated by the spray beam, provided that 
the point is within the beam shadow. So, we have to find out 
when and where the point crosses the boundary of the beam 
shadow. This is to solve the crossing point of the shadow curve 
Eq. 25 or Eq. 26 and the orbit of the moving point given by 
Eqs. 15 and 10. In other words, the crossing point of the z- 
coordinate can be found by solving the roots of Eq. 25 with 
the rotational phase angle cp given in Eq. 19, by taking into 
account the limiting angle, Od or Ox, and the limit I z I I R or 
1 z 1 I R,. The equation to be solved is, however, highly non- 
linear and multivalued, and finding proper roots, z l ,  requires 
special attention to the numerical solutions. An example of 
the roots. z,, and the shadow area is shown in Figure 7a, 
using the case of Figure 6d and the first coating pass. The 
pairs [ z , ,  z 2 ] ,  [zj, z,], . . ., [ z , , ,  zI2], shown in Figure 7a, are 
the proper intcgral ranges of Eq. 21 for the case of the start- 
ing phase angle of cpo = a ,  and the starting z-coordinate with 
zo = R , .  Notice that the pair of roots, [z,, zq] and [ z i z ,  - zO] ,  
are not the proper integral range and must be excluded in 
this example. The second coating pass (reverse direction) is 
shown in Figure 7b; in this case, 'po = a>, and z,, = - R,. 
The third coating pass will be the forward direction as the 
first pass, but with a different 'po = a3 and the same zo = R,; 
the fourth pass (reverse direction) as the second pass, but a 
different q,, = a4: and so forth. The phase-angle shift for each 
pass is derived from Eq. 19 

2 0 l Z " I  
Acp,=a -a,=-. 

I 
uz 

A vies of many coating passes is given in Figure 7c, with a 
certain initial \tarting point of cpo = a, .  In multiple coating 
passes, it is quite instructive to mention that when the con- 
stant phase shift of Eq. 27 has a special relation, it causes a 
dramatic eftect on the coating pattern. That is, when the fol- 
lowing relation holds, the coating passes will be "phase- 
locked" (or "frozen'?; the coating pattern will be unchanged 
aftcr a certain number of passes 

where f / (  is the rotational frequency. Such examples will be 
shown in later sections with actual calculations. 

Finally, the whole coating process for the thickness, h,( cp), at 
a radial direction q of any z location on the cylinder after N 
passes may be summarized by the following symbolic equation 

Z- 

Figure 7. Example of coating passes of case (d) in Fig- 
ure 6. 
(a) View of one pass across cylindrical support, a t  starting 
phase angle LY, and ending phase-angle a2.  z ,  ( I  = I to 12) is 
a crossing point of spray-beam shadow houndary. (h) View 
of 2 passes across cylindrical support. (c) View of  10 passes 
across cylindrical support. 

where h[z,(a,),z,(a,)] is given by Eq. 21 with the proper 
integral range at z,, z, at the kth starting phase angle, ai = q 
+(k  - 1)Acp,, and zo = R, or R,. 

Model Calculations 
Computer programming 

A computer code to calculate the thickness of polymer 
coating has been developed based on the theoretical model 
described in the previous section. The programming was fairly 
complicated and tedious. This was due to various factors, in- 
cluding root solving of multivalued nonlinear equations, tak- 
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ing thc correct sign of trigonometric functions, sorting out 
and bookkeeping the proper roots, paying attention to the 
accuracy and convergence of numerical integration, and 
graphical representation of the results. An outline of the code 
is illustrated by a flow chart in Figure 8. 

The basic inputs of the operating parameters arc L ,  (the 
distance from the nozzle face to the cylinder surface), d 

r 

Calc.: R, :Eqs. (23) Calc.:0, : Eq. (24) 
& (25) z g = R x  zo = R  - 

Solve all roots, zi 

Eqs.( 19) and (25) 

Phase angle shift 
Calc. A'po : Eq. (27) 
Or 
Input A(p : (random phase shift) 

SortindBook-KeeDing 
Store the correct pairs of 

roots, (z,, 2,) 

1 
(Continue) 

(radius of the cylinder), (polymer solution flow rate), uz 
(translational speed), f R  (rotational frequency: angular fre- 
quency w = 2 n f R ) ,  and w (mass fraction of polymer in sol- 
vent). The densities, p (polymer density), po (polymer solu- 
tion density). and pr (solvent density), as well as O,, and rO,  
are calculated from the empirical correlation mentioned pre- 
viously in the experimental section 

1 
Continue 

1 

1 

Numerical Integration for each pass 
Calc. Eq. (21) and Eq. (29) 

Input Pass number: N 
Input Coating Length: L 

I I 

I I 

Displav/Store The Results: 
1) thickness versus phase angle plot 
2) thickness cross section plot 
3) thickness surface plot 
4) store the result into a hard disk 

I 

Repeat ? ces .c 
Start 

Figure 8. Flow chart of computer code. 
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The spatial resolution in numerical calculations is con- 
trolled by a specified angular resolution Acp in the phase an- 
gle cp. Thc resolution along the cylinder z-direction is given 
by LIZ = rl,Acp/w from Eq. 19, and that in the circumference 
of the cylinder cross section is given by dhcp. Typically, 
a sufficicnt accuracy is obtained by setting Acp of 5" 
( = 0.02X7r rad). 

For multiple coatings, the number of coating passes, N ,  
and the choice of the phase-angle shift (use the constant shift 
of Eq. 27 or random shift) can be specified as the input data. 
The constant phase-angle shift assumes that the dwelling time 
at the reversing direction of the translational motion is zero 
or ncgligible. The random phase shift means that the dwelling 
timc is sufficiently large and random; so, the starting phase 
angle at each reversing time is randomly distributed within a 
specified angle (input data). For certain applications, this op- 
tion may be useful for examining such uncontrolled effects. 

After all necessary calculations have been made, the nu- 
merical results are stored in a hard disk and graphically dis- 

played on a computer video screen. Three display options are 
provided for viewing the coating thickness and uniformity: (1) 
axial view at a specified phase-angle position; (2) cross-sec- 
tion view; (3) 3-dimensional (3-D) surface plot. 

In addition to the preceding program, a supplemental com- 
puter code has been created in order to gain further insights 
of the coating process. This program provides graphical pre- 
sentations of the beam-spray area and coating pass process 
such as those in Figures 6 and 7, and the numerical informa- 
tion of the phase-lock condition given by Eq. 28. 

Emmples of theoretical calculations 
Selected examples from a series of computer simulations 

were chosen to show the sensitivity in the coating-thickness 
variability with respect to operating variables. The basic in- 
puts of the operating parameters are L , ,  d, I', w, 0:. and f R ,  
as mentioned previously in the computer programming sec- 
tion. Proper values were chosen in order to simulate a realis- 

F 
F 

t 

F 
I , , , , , , , , , , , !  
F 

Z 
Z Direction (one penod) 

e 

2 Direction (one period) 
z 

r , 1 ,  

8 
7 

Z Direction (one penod) 

Figure 9. Results of computer simulation with f ,  = 1.0 s-', V = 0.2 cm3.min-'; N = 10; v, = 0.965 crn-s-l;  2 4  = 

1.690 cm. 
( a )  Axial view at q = 45"; (b) cross-section view a t  z = R J 3 :  (c) 3-D surface plot; (d) axial view at q = 45', with random phase shift 10". 
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tic condition used in the previous experiments (Shiflett and 
Foley, 2000). The distance from the nozzle face to the cylin- 
der surface, L ,  = 0.9525 cm, diameter of the tubular support, 
2d  = 0.6350 cm, mass fraction of polymer concentration, w = 

0.3, polymer solution flow rate, P =  0.2 cm3.min-', rota- 
tional frequency, f x  = 1.0 s - ' ,  and number of coating passes, 
N = 10, were set as constants in these examples. Only the 
translational speed was varied from u, = 0.846 cm * s I to 
0.965 cm.s-l. With the present and w, the spray-beam 
half-angle is 0, = 27.2", and the effective spray-nozzle diame- 
ter is 2r,, = 0.556 cm. 

The angular resolution Acp of 5" was uscd; in terms of the 
spatial surface resolutions, those in the cylinder z-direction 
and in the direction perpendicular to z were about 13 pm 
and 280 pm, respectively, with the preceding input data. The 
computer code ran on a PC operating system, and with the 
present resolution ( A  cp of 5'1, these calculations took about 
10 to 15 s on a 200-MHz processor. 

The first example simulates a coating sprayed at uz = 0.965 
cm.s- I. Figure 9a provides an axial view at cp = 45" which 

5 

Z 
Z Direction (one period) 

0 
Z Direction (one period) Z 

clearly shows the nonuniformity in the coating thickness along 
the z-direction. The coating has an average thickness of 12.8 
pm, with a sinusoidal variability of about f 2.0 p m  at a phase 
angle, cp = 45". Another way to view this is by the cross scc- 
tion shown in Figure 9b. One can easily see that the coating 
thickness varies from 10 p m  to 17 pm. Figure 9c provides a 
3-D surface plot of the cylinder surface cut and opened along 
the z-direction and flattened as a sheet. The "hills and val- 
leys" in the coating can clearly be seen. This high degree of 
variability in the coating thickness can lead to crack forma- 
tion in the carbon films during pyrolysis, rendering the mem- 
branes useless for gas separation. The effect of including a 
random phase-angle shift, A q  = lo" is shown in Figure 9d. 
The average thickness remains the same. However, the vari- 
ability in coating has increased from i 2 . 0  p m  to k3.0 p m .  

The sccond cxamplc was run at the same conditions, ex- 
cept the translational speed was lowered, uz = 0.889 c m - s - ' .  
This provided a significant improvement in the coating uni- 
formity. Figure 10a provides an axial view. q = 45". which 
shows an avcragc thickness of 14.5 k0.3 pm, almost an order 

l l l l ! '  7 
6 

Z Direction (one penod) z 

Figure 10. Results of computer simulation with the same parameters as those in Figure 9, except v, = 0.889 cmes-'; 
2R, = 1.690 cm. 
( a )  Axial view a t  v: = 45"; ( b )  cross-section view a t  : = H J 3 :  ( c )  3-D surfacc plot: ( d )  axial view a t  v: = 45". w i t h  r andom phase shift 10". 
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Figure 11. Results of computer simulation with the same parameters as those in Figure 9, except v, = 0.846 cm. 
sec -’; 2R, = 1.690 cm. 
( : I )  Axial view a t  ‘p = 4Y;  (h)  cross-section view at z = R,/3; (c)  3-D surface plot: (d) axial view at q = 45”, with random phase shift 10”. 

of magnitude improvement in coating thickness variability 
compared with the previous example. The cross-section view, 
Figure lob, and the 3-D surface plot, Figure lOc, also con- 
firm the improved uniformity in the coating thickness. The 
significance of this example shows that a small change in one 
parameter such as an 8% decrease in the translation velocity 
may translate into as much as an order-of-magnitude change 
in coating thickness uniformity. Finally, the effect of includ- 
ing a random phase shift, A(p = lo”, increases the coating 
thickness variability from kO.3 p m  to 

A unique situation was discovered using this model. We 
termed this situation a “phase lock”condition, which satisfies 
Eq. 28. When it occurs, the coating path across the surface 
remains the samc no matter how many times the nozzle passes 
back and forth across the surface. So, it produces a highly 

1.0 pm.  

nonuniform coating thickness. In the third example, we in- 
tentionally set the translational speed u, of 0.846 cm.s-’ ,  
which had been calculated so as to satisfy Eq. 28, while keep- 
ing the other parameters the same as before. At this condi- 
tion, the spray beam always passes over the same path no 
matter how many passes are made. The calculated results are 
shown in Figure 11. Figures l l a  and l l b  clearly show the 
highly nonuniform thickness. The surface is reminiscent of a 
moguled snowfield. The situation is somewhat similar to the 
case of the first example. The difference is, however, that in 
the first example case the nonuniformity is smoothed out af- 
ter many passes, say N 2 40, while in the “exact” phase lock 
case like this example, the nonuniformity never decreases no 
matter how many passes. Only random phase-shift conditions 
will smooth out the sharp peaks and valleys. Figure 1 Id indi- 
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cates such an effect already with a small N = 10 and a small 
random phase shift. 1 cp = lo"; the coating thickness variabil- 
ity decreased from 5.3 pm t o  3.1 pm. 

Comparison with Experiment 
Here we verify experimentally the model calculations de- 

scribed in the previous section as well as show that the 
phase-lock condition does exist. In  these examples, the dis- 
tance from the nozzle face to the cylinder surface, L ,  = 2.22 
cm, the diameter of the tubular support, 2d = 2.54 em, the 
mass fraction of polymer concentration, w = 0.3, the polymer 
solution flow rate, p= 0.2 cm'amin- I. the rotational fre- 
quency, fR = 0.25 s -  I. and the number of coating passes. N 
= 16, were set as constants. Only the translational speed was 
varied from G~ = 0.6850 s K 1  to 0.7645 s-I. Expcrimcntally the 
spray-beam half-angle was determined to be essentially O ( ,  = 

O", and the effective spray-nozzle diameter was again 2r,, = 

0.556 cm. 
Based o n  model calculation. a translation velocity of 0.7645 

c m - s - '  was predicted to follow the same path across the 
support, phase-locked, leading to a nonuniform coating thick- 
ness. Further calculations showed that by reducing the trans- 
lation velocity by only lo%> to 0.6850 cm.s- ' ,  a much more 
uniform coating thickness could be achieved. These two ex- 
amples were chosen to validate the model. 

The polymer thickness was calculated by measuring the 
color intensity with a digital scanner. The images awe saved 
in bit format and the resulting tensor analyzed using Mathe- 
matica (Wolfram, 1999). The color intensity was normalized 
using the following relationship, I = [0.299 I,? +0.587 I, + 
f ) .  114 Z,l]/255.0, where 1 is the iiormalized color intensity (0 
to 1.0) and ZR. Zci,  and ZIf are the red, green, and blue color 
intensities t 1 t o  255). To determine the calibration between 
polymer thickness and color intensity, several paper samples 
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Figure 12. Results of computer simulation and experiment for f ,  = 0.25 s -', v = 0.2 cm3-min - I; N = 16; V, = 0.7645 
cm .s -' . 
(a) Axial vicw. calculation a t  9 = 45': (b) axial bicn.  cxpcrimental; ( c )  3-D aurl;ice plot. calculation: (d) wrfnce-image. c.\perimcntal. crow 
sectiuii shown in (h )  indicated by line. 
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wcrc sprayed with a 30 mass percent poly(furfury1) alcohol in 
acetone solution. The dried polymer mass per surface area 
ranged from 1 mgacm-' to 25.0 mg-cm-'. A polymer ace- 
tone solution density of 0.8880 g . ~ m - ~  and a polymer den- 
sity of 1.21 14 g.cmp3 both at 25°C were used to calculate the 
polymer thickness, h. Each sample was scanned and a linear 
correlation of polymer thickness and color intensity was de- 
termined: h( pm) = 44.451 I -2.304 for (0 < I < 0.7). 

Figures 12a and 12b compare the calculated and experi- 
mental thickness profiles in the z-direction at uz = 0.7645 cm 
. sp  ' . The model accurately predicts the nonuniform coating 
thickness shown by experiment with an average thickness of 
26 p m  in the coated areas and no coverage, thickness of 0 
p m  in the uncoated areas. The small difference in the width 
of the peaks is due to the slight difference in phase-angle cut. 
Figures 13c and 12d compare the calculated and experimen- 
tal surface imagcs where the phase-locked condition can eas- 

ily be seen, even after sixteen coating passes. The model re- 
produces both the qualitative and quantitative features of the 
surface. 

Figures 13a and 13b compare the axial thickness calcula- 
tions with experiment for the case when uz = 0.6850 cm.sp ' .  
Again the model clearly predicts the more uniform coating 
with an average thickness of 17.5525 Fm. The calculated 
and experimental surface images shown in Figures 13c and 
13d also confirm the improved uniformity in the coating 
thickness. 

Discussion 
We have demonstrated the usefulness of these model cal- 

culations for predicting the film-thickness morphology, and 
we have shown and experimentally verified two different ex- 
amples with the operating parameter uz as a single variable. 
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Figure 13. Results of computer simulation and experiment with the same parameters as those in Figure 12, except 
v, = 0.6850 cm-s-'.  
( a )  Axial view, calculation a t  9 = 45": (b) axial view. experimental ;  (c) 3-D surface plot. calculation; (d)  surface-image. experimental .  cross 
v x t i o n  shown in (h)  indicated hy line. 

AIChE Journal July 2001 Vol. 47, No. 7 1661 



Similar calculations with other operating parameters as vari- 
ables can easily be made and be used for finding the optimal 
expcrimental conditions in multiparametcr controls. The 
value of the model is clear, when we observe the high sensi- 
tivity of the thickness and uniformity of the coated films to 
the operating parameters. Small variations in experimental 
conditions may lead to large changes in film morphology, such 
as the highly nonuniform film thickness by a phase-lock 
(frozen) condition. 

The phasc-lock condition occurs for multiple coating passes 
whenever the values of the operating parameters satisfy or 
nearly satisfy this condition 

w l z g l  2f,IZ”I n 
2 a  a u ;  u: 1?1 

- - , n ,  m = integer, -- A %  - - 

where z0 is equal to either R (in the case of H , ,  = 0) or R ,  
(0,  > 0). This cquation is: however, quitc complicated be- 
cause of the presence of z,). In the case of 0 ,=0 .  q, bc- 
comes R = r0 (Figures 2 and 31, whilc in the case of HI, > 0, 
z,] = R ,  is a root of Eq. 25 with Eq. 23 and becomes a func- 
tion of d, L , ,  rl , .  and 0,). Then values of r,) and 0, depend in 
turn on the flow rate P and the conccntration UJ of thc poly- 
mer solution, as discussed previously in the modcl-dcvelop- 
ment section. So, the phase-lock condition is a rather compli- 
cated function of all the experimental operating Parameters: 
d ,  L , ,  P, w, f R ,  and ur in N multiple passes. The phasc-lock 
coating is undesirable for our present purpose. Fortunately, 
however. it is only serious if the pathway across the tubular 
surface is repeatcd after only a few passcs (that is, when the 
integer values of n and m are relatively small numbers), re- 
sulting in large variations in the coating-thickness uniformity. 

Finally, although it is obvious, it may bc worthwhile men- 
tioning that the present model formulation is equally applica- 
ble for the case of a rotating cylinder with no translation, but 
having instead a translating nozzle head. Also, the model can 
be used for any spray nozzle and polymcr solution, as long as 
the characteristics of the spray beam are experimentally ob- 
tained, as described in the experimental section. Additional 
work on the impact the polymer coating uniformity has on 
carbon membrane performance will be described in the fu- 
ture. 

Summary 
A general mathematical model has been developed to prc- 

dict the film thickness of polymers coated on a cylindrical 
substrate with an ultrasonic spray nozzle. The model calcula- 
tions reveal various unexpected features of the film-thickness 
morphology. The model appears to be a useful tool for sct- 
ting the proper experimental parameters for the dcsired 
thickness and uniformity of the film of interest, and it pro- 
vides us with important insights on the coating process. Also, 
use of the present model extends many other applications 
where the precise control of film thickness is requircd for a 
cylindrical substrate in various polymer-coating systems. 
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Notation 
7 =average speed of spray particles 
ri =radius of cylinder 

.f, =cylinder rotation per unit time (rotational frequency) 
h =thickness of polymer film 
L =distance from point source t o  cylinder center line 

L,, =distance from point source t o  nozzle face 
L ,  =distance from nozzle face to cylinder surface 
L’ =distance of coverage measured in the axial direction 

I =distance from point source to arbitrary point of cylinder sur- 
face 

E =average mass of spray particles 
N =number of coating passes across cylindrical support, or num- 

her of particles 
ril =effective spray radius at IloZ7k face 
R =spray shadow length 

R ,  =spray shadow length 
f =time variable 

V =volumetric flow rate of polymer solution 
o2 =translational velocity of cylinder 
i4’ =mass fraction of polymer in polymcr solution 
-1- =Cartesian coordinate- x-direction 
j =Cartesian coordinate- y-direction 
i =Cartesian coordinate---direction 

ill = ma?tiniurn integration range: equal to  K (  O , ,  = 0 )  or R,( H , ,  > 0) 
2 ,  =crossing point of spray-beam bounday in the i-coordinate 

=volume 

Greek Letters 
a, = initial or final phase angle of integration for each coating pass 
f i  =angle variable in the .yz-plane 
p =phase angle of cylinder rotation, or angle variablc in the yz 

y =angle between spray-beam direction and radial direction of 

H =angle of spray beam at arbitrary direction 

plane 

cylinder 

H , ,  =angle of spray-beam spread 
H,,,  H, =limiting angle of spray beam 

p =polymer density 
pu =polymer solution density 
p ,  =solvent density 
w =angle velocity (angular frequency) w = 2 r J H  
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