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Abstract:

A mathematical model was established for condensation on surfaces of vertical corrugated plates based on the

mechanism of heat transfer enhancement to thin down the liquid film due to surface tension effect between corrugated plate

surfaces and liquid films. The relative heat transfer coefficients of condensation on corrugation plates were calculated in

contrast with equivalent vertical plane ones. The heat transfer enhancement effects for the main geometric parameters such as

pitch, height, corrugation angle, tilt angle, and fillet radii of corrugations were analyzed to guide the optimization of

corrugation structure for application. A two-scale corrugation is suggested, which can compromise both the enhanced heat

transfer effect and adequate cross section area for flows, and it makes the heat transfer coefficient 1 to 2 times more than that

of an equivalent plane one.
Key words:

The plate-shell heat exchanger (PSHE) is a kind
of heat transfer equipment, which combines the
features of high efficiency and compactness of plate
heat exchanger (PHE) and the flexibility of a
tube-shell heat exchanger (TSHE)U’Z].

for use as a condenser, which can be arranged both

It is suitable

vertically and horizontally. The condensation takes
place usually on the shell-side surfaces of the
corrugated plates, which form rows of wavy channels.
When vertically arranged, the heat transfer plate bank
is encased in a confined channel, and the steam flows
downwards in a forced flow manner, so as to thin down
the condensate film. This situation is just similar to
what happens in a PHE condenser, which has been
well studied before®* . While in the horizontal
arrangement, the same method might cause the
condensate flood in some of the bottom part of plates,
because the direction of horizontal flow is crosswise to
that of the gravity, thus the heat transfer effect
deteriorates. To solve the problem, the plate bank
should be open at both top and bottom sides, which is a
new situation and requires further study.

The method of heat transfer enhancement for
condensation process by corrugated plate wall is mainly
due to the surface tension effect which can thin down

the liquid condensate film at corrugation peaks as well

Received 2003-06-18.

Foundation items: The National Key Fundamental Research Program of
China (G2000026303) and the National Natural Science Foundation of
China (50176008) .

Biography: Chen Yaping (1956—), male, doctor, associate professor,

ypgchen @sina. com.

condensation; enhancement of heat transfer; corrugated plates; plate-shell heat exchanger

as their side slopes, thus decreasing the conduction
resistance of the film. Simultaneously the corrugation
channels also enhances heat transfer from cooling water
to the wall at other side of the plates, thus the overall
heat transfer coefficient of the condenser can be
increased.

The heat and fluid flow in the

condensation process on these corrugated plate walls is

transfer

very complicated and it is difficult to calculate because
of the 3-D flows in the wavy channels as shown in
Fig.1. Therefore it is usual to break down the process

to two steps, i.e. first to treat it as film condensation
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on vertical plane plates, and then to consider the
enhancement effect due to the corrugation of the plates.
Since the first problem has already been solved with
existing formulae’”"', this paper mainly discusses the

second one.

1 Mathematical Model for Film Conden-
sation on Corrugated Plates

To analyze the enhancement effect, it is simplified
by converting the real cross corrugated plate channels
to vertically waved plate channels, neglecting the

contact effect of two plates at ridges of corrugations.

Fig.2 shows the film condensation model for a pitch of

Fig.2 Condensation model for a pitch of corrugation

triangular shows the flow

Fig.3

coordinates for a liquid film control element on a

corrugation.

simplified vertical corrugation plate. Also the following
assumptions are postulated. (D The thickness of the
film is the same on the walls at ridges and at slopes of a
corrugation, and the film there forms zone B, while the

remaining part forms zone A as shown in Fig.2. @ The

condensate flows along the vertical corrugation by the
component gravitational force pgsin@. (@ The proper-

ties of steam and condensate are constant.

Fig.3 Flow coordinates

Comparison is made for the results of condensation
on a pitch of corrugation plate of unfolded width [, and
height H, with those on an equivalent plane one. To
keep the same heat flux for two types of plates, the
temperature difference between steam and wall for the
later case has to be greater than that of the former one.

From the continuity equation, with the same heat
flux, the total condensate flow for both cases should be
the same.

u Ao + ugApo = ugAyp (1)
where p is density of the condensate; A is the cross
section area of condensate film, the subscripts A, B,0
describe properties at zone A, zone B for corrugated
plate and at the equivalent flat plate, respectively.
And they could be calculated with the formulae in
Tab.1.

Tab.1 Formulae of some parameters

P . A pitch of corrugation plate Equivalent
arameters
Zone A Zone B flat plate

Unfolded width of

Illv::un(;ar;ﬂwallo i =2(Ry - r)tand + g5 r2¢ lp =1y -1 ly

Mean liquid Ay
= 1 I

film thickness On = n ’ 0
C 38 Sec 1 P P

1058 SeCction WAy 90y Ry tang + (RS — 13)(tans — 54 Ay = Ly Ao = 1y 8
of condensate film 180
Component velocity gsinf 63 gsinf 6% 203
of condensate film va = 3y up = 3y o = 3,7

From Eq. (1), it can be derived that:

1

R PNEIn)

5, = I + 5, 1, sind (2)
a _ ﬁ(_s ﬁ%)

Qo - 83 lo * lo 8,4 (3)

For the control element shown as in Fig.3, the pressure
difference due to the surface tension effect is the cause of
drawing the liquid film to the valley, and it is given as
dp _Ap _ E( 1 1 )

R R, 4)

where ¢ is strain coefficent of the condensate; R,, R,
are radii of the interface between condensate film and
steam at ridge and at valley, respectively. With
equilibrium of the active force and resistant drag, it is
given as

26(53—3’)( + 1) /wa (5)

Ly R, "R dy
In the condensate film, the component velocity w

varies with y, and its mean value can be integrated as

26 (L i).
“’zaj(%‘y)d”’za ( TR,
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o s 2632,,)(i i)
[ G-y = 8%+ (6)

where o is dynamic viscosity of the condensate. At any

x, the condensate flow at zone A is

X 2683 X 1 1
G,i(x) = Jop&jwdx = 3lJlBg (E +F2) (7)

is kinetic viscosity of the condensate.

where v
Assuming the condensate flow at zone A is linear, the
mean values of flow parameters are those at the

midpoint of the plate.

H ind
aa;H( 1 1)
Wy \R, TR, ®)
therefore
1
B ogsinfl,l, R1R25,13]§
o = | SH(R, + R,) )

Eq. (9) reveals the relationship between &, and
R, , which can be solved by trial method. The heat flux
of condensation on unit area is

G(H)r 20(%+Gﬁ)

— —~ r

- HI, — Hi, (10)

2 Calculation and Results Analysis
2.1 Characteristics of a certain corrugation plate

Fig.4 shows the results of condensation on a
certain corrugation plate (corrugation angle ¢ = 40°,
60°, unfolded width of a pitch of

corrugation [, = 20 mm, inner fillet radius r, = 1.5

tilt angle 0 =

mm, thickness of the plate 6’ = 0.5 mm, height of the
300 mm). It shows that the

thickness of liquid film at zone B is much smaller than

corrugated plate H =

that at the equivalent flat plate, which enhances heat
transfer, while the area of zone A is limited, thus a net

gain in efficiency is ensured.

2.2 Effects of geometric parameters of corru-
gation

Fig.5 shows that the film thickness at zone B of
plates is very sensitive to the size of corrugation, the
smaller the size, the thinner the thickness, other
things being equal. Thus the results of condensation
enhancement effect on corrugation plates is also
sensitive to the corrugation size as shown in Fig.6, the
smaller the size, the greater the enhancement effects.
Fig.6 also reveals that a very small size corrugation
plate is easily flooded at greater heat flux, especially

when the height of the plate is greater. By comparison
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Fig.4 Results of certain corrugation plates
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Fig.6 o/, vs. ¢ with different [, at $ = 40°,0 = 60°, r, =

1.5mm, 8" = 0.5mm. (a) H = 300 mm; (b) H = 600 mm
of Fig.6(a) and Fig.6(b), it seems that a taller plate
has a greater enhancement effect. However, because

the heat transfer coefficient during condensation on a

vertical plane wall is proportional to H -3 , actually the
height of the corrugation plate has little effect on the
heat transfer coefficient.

Eq. (5) shows that the pressure difference due to
surface tension effect which draws liquid film to valleys
is mainly determined by the radii of the liquid film at
both peaks and valleys of corrugation, and therefore the
heat transfer enhancement effect is related to the

structural parameters r; and r, as shown in Fig.7.
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Fig.7 a/ayvs. q with different r, at $ = 40°,6 = 60°, I,
= 20 mm, H = 300 mm

Although smaller radii benefit from the enhancement

effect, they are often limited by the stretch property

and structural strength of the plate material.
Corrugation angle ¢ (see Fig.2) represents the
sharpness of corrugation. The greater the angle, the
sharper the corrugation, thus the stronger the surface
tension effect and higher the heat transfer coefficient as
shown in Fig.8. However, it is also limited by the

stretch property of the plate material.
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Fig.8 a/ay vs. ¢ with different ¢ at r, = 1.5 mm,0 =
60°, I, = 20 mm, H = 300 mm

Though actual tilt corrugation ridges are simplified
as vertical ones in establishment of the mathematical
model, still it is assumed that condensate flows along
the corrugation by the component gravitational force
ogsinf . Therefore the effect of the tilt angle of
corrugation can be calculated with the model; the
results are shown in Fig.9. It can be seen that the
closer the angle to 90°, the better the effect.
Nevertheless, this will raise the resistance in the other

side of the plate channels, so a moderate value of 60° is

usually applicable.
1.81

a/ag

1.5 s 1 L I L 1

¢/(kW+m~2)
Fig.9 a/a, vs. ¢ with different 0 at r, = 1.5 mm, ¢ =
40°, Iy = 20 mm, H = 300 mm

3 Two-Scale Corrugation Plates with the
Same Direction

Smaller corrugation size is desirable but not
applicable on account of resistance, because the
corrugation size often determines the cross section area
of the flow in both sides of the plates. To solve the

problem, the two-scale corrugation plates shown in
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Fig.10 are designed for PSHE condensers, which can
compromise the heat transfer enhancement effect and
cross section area for both side flows. Thus a much
higher heat transfer coefficient than that of an
equivalent flat plate or on an ordinary corrugation plate
can be expected. Experimental research on this kind of

corrugated plates also shows promising results™ .

Fig.10 Two-scale corrugation plates with the same direction

4 Conclusion

A plate-shell heat exchanger with combined
features of high efficiency, compactness and flexibility
can be used as a condenser. By theoretical calculation,
the influences of the main geometric parameters of the
corrugation are investigated, of which the corrugation
size is the key factor. A two-scale corrugation with the
same direction plate pattern is suggested for con-

densation plate-shell heat exchanger, which can com-

promise the enhanced heat transfer and adequate flow

resistance requirements.
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