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Abstract

A rotating condenser with a scraper is considered as a new method
used to augment condensation heat transfer. We analyze the case where
the condensate film on the vertical and the horizontal rotating cylinder
is scraped off mechanically by the plate. In the vertical cylinder, the
analytical solution for tramsient film condensation on a vertical plate
is obtained, and it is applied to the infinitesimal element on the outer
surface of vertical cylinder. The mean Nusselt number is calculated by
integration over the whole surface of cylinder. Also, in the horizontal
cylinder, an ordinary differential equation for a condensate film thickness
is derived with several incidental conditions, and is integrated by a
numerical method. The condensate state is classified according to the
combination of the conditions. The enhancement due to scraping is
arranged in terms of the mean Nusselt number ratio, and the effects
of rotation speed, temperature difference between vapor and condenser
surface are examined. The effects of the unscraped film thickness and
the position of scraper are examined at the vertical and the horizontal
rotating cylinder, respectively. Lastly, we report the experimental
results for the condensation of refrigerant R-11 corresponding to the
above analysis. The distributions of cylinder surface temperature and
the mean heat transfer coefficients are obtained. The effects of rotation
speed and temperature difference between vapor and condenser surface
are made clear. The enhancement due to scraping is arranged in terms
of the mean Nusselt number ratio and compared with analytical results.

* Faculty of Science and Technology, Meijo University.
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Nomenclature
A : heat transfer surface area
A, B, C : functions
cpr . specific heat at constant pressure
g : acceleration of gravity
Ga,, Ga, : Galilei number
Gry, Grg : Grashof number
H : ratio of sensible to latent heat
H' : modified ratio of sensible to latent heat
I, J :node-numbers in finite difference method
L, L' : latent heat, modified latent heat
[ : cylinder height
i : rate of condensation
N : rotation speed
Nu : Nusselt number
Nu, : mean Nusselt number
P : pressure
Pr : Prandtl number
@ : quantity of heat or flow rate
R : radius of cylinder
Rey : Reynolds number due to peripheral velocity
§ @ parameter
T, 4T : temperature, temperature difference
t : time
#, usr : velocity, peripheral velocity
V : volume
V : flow rate per unit width
y : co-ordinate measuring radial distance outward from cylinder surface
z : co-ordinate measuring vertical distance along cylinder axis
z* : the lowest position of steady state condensate film at time when the
cylinder has rotated one turn
a : heat transfer coefficient
d : condensate film thickness
J . thermal conductivity
v : kinematic viscosity
o : density
¢ : angle from scraper position or cylinder top, or diameter
subscripts

eps

: very small amount
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: falling position of condensate film

: position of initial condition

: initial value

: liquid

: position z=/ or cylinder length

: mean

: N=N in rotation

: cylinder radius as characteristic length
: saturated vapor or non rotation without scraper
: position of scraper

: outer surface of cylinder

: steady state

: t=t in time or position of transition in liquid film
top : top of cylinder

: vapor

: haet transfer surface

: position z=z

: unscraped film thickness

: position ¢=¢

: modification

: dimensionless presentation

: dimensionless presentation

“e o n S e

¥* >

Chapter 1. Analysis of Condensation on Outer Surface
of Vertical Cylinder

1. Introduction

Recently, the researches for enhancing the performance of the condensers have
been promoted more and more widely and eagerly, because of the requirements in
many fields including refrigerators, air conditioners and other various industrial
equipments, larger scale power generating plants, effective use of thermal energy
in small-temperature difference in view of energy conservation, and so forth1,2),
Meanwhile, many methods for enhancing heat transfer have been proposed. Especially,
the film condensation heat transfer is a practically important ; various devices have
been proposed to obtain thinner condensate film working as a heat transfer resistance
element. These examples include the tube with a small-fin array® using surface
tension, the same modified by attaching a circular disc to remove the condensate
film?, a device utilizing electric field to pull off the condensate film4>, another
device attached with a porous plate using capillary action®, etc.

The authors attempted a more direct and positive method to remove the con-
densate film on the heat transfer tube; a condenser was rotated around its axis and
the condensate film was mechanically scraped off by a scraper closely attached on
its outer surface. Regarding the rotary type condenser, there are many contributions
so far including circular disc®’, cone?, vertical® and horizontal®> tubes, etc.; in
these methods, the condensate film on the outer surface is separated by the cen-
trifugal force in rotating field or circumferential shear force. However, substantially
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these effects will not be exerted at lower rotation speed, therefore, it has been
pointed out that the rotation speed should considerably be high. This is a prac-
tical problem in view of energy conservation and equipment integrity. The authors
think that, by adding a scraper to this rotating condenser, effect of the heat transfer
augmentation would largely be improved even at lower rotation speed. This type
of rotary scraper heat transferring system has not yet been reported for the
condenser, although there is a report for scraping-off the thermal boundary layer
in the single phase flow1®.

Important items of the rotating condenser with a scraper include how to drive
the rotary part and how to seal. However, the heat transfer tube itself may be
smooth surface and, by means of the scraper, vapor side is in turbulence, so that
noncondensable gas will not be deposited near the heat transfer surface. These
are the merits of this system. In principle, moreover, its efficiency would greatly
be enhanced by using many scrapers and making rotation speed larger. Therefore,
this system will be hopeful in effect.

In this chapter as the Ist report of this rotating condenser with a scraper, an
analysis of condensation on the outer surface of vertical cylinder is described.
Based on an analytical solution by Sparrow et al. for transient laminar film con-
densation on a vertical plate'®, the mean Nusselt number is obtained over the
entire surface of a cylinder, thereby the enhancement due to scraping is calculated.
Especially corresponding to the experiment shown in Chapter 3, refrigerant K-11 is
employed to study the effect of unscraped film thickness as a practical problem.
Then, the refrigerant is compared with other kinds of refrigerant.

2. Theoretical Analysis

In this analysis, an arrangement 1is
assumed as shown in Fig. 1. 1 there is an
acceleration of gravity g, then a vertical
cylinder of radius R is placed in saturated
vapor and rotated around its own axis. /‘/N‘ ' R
Then, the condensate on the outer surface S

cooled to a constant temperature is ¥ dqb
attempted to scrape off using a plate A

[«

installed in close contact with the cylinder K P
axis or slightly separated therefrom.
In addition, the assumption for the yA
analysis includes that rotation speed N l
be small enough, the centrifugal force

acting on the condensate film be negligible, g adz
and the condensate would not be splashed K3
without creating any relative motion for
the circumferential direction of the outer
surface of the cylinder. At that time,
let’s assume an infinitesimal element [Rd¢

on the cylinder surface and also assume \ /
i j

that the liquid film is scraped off at time

t=0 and, after one revolution, it is again / ——
scraped off at f=1/N. Then, we can Scraper /

assume that, in between times [=0 and Fig. 1. 1 Analytical model.
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t=1/N and at an angle ¢ from the scraper, a condition of t=¢/2xN in the transient
laminar film condensation on a vertical plate is realized. Consequently, first we
should deal with the tramsient laminar film condensation on a vertical plate and
then, by using the result, we would proceed with studying the condensation condi-
tions on a total surface of the cylinder.

2. 1. Transient condensation on vertical plate

The analysis of Sparrow, et al.ll> is extended for the case of finite initial

thickness of condensate film. Then, using the method of characteristic curve, the
solution is calculated.

2. 1. 1. Fundamental equations

In dealing with condensate film, the influence from inertia force and vapor
friction on the interface between vapor and liquid are neglected. Also, temperature

distribution is assumed linear. Then, velocity # and temperature T are expressed
as follows:

=ty »
T =T+ (T,—T,) (%—1) )

where y and § are the radial distance outward from the cylinder surface and the
condensate film thickness, respectively. Also, T, and 7, are temperatures of
saturated vapor and the cylinder wall surface, respectively. On the other side, the
transient energy balance of infinitesimal element at position z=z of liquid film can
be represented as follows:

o) 2 vl Z w0

0

o) ©

In addition, the initial condition for the condensate film thickness is assumed
by the following equation in consideration of a case with rotary scraping,

t=0:6=

{533(2) 0=2=z) @

dy (2e=2=0)
where d,,(2) is the stationary condensate film thickness, J, is the thickness of

unscraped film, and z, is a value of z with which 8,,(2) =6, holds valid. On the
other hand, the boundary condition becomes as follows:

2=0:0=0 ®)

Substituting Egs. (1) and (2) into Eq. (3) and eliminating dimensions, the following
equation is obtained.
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96 500
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In the equation above, the following conversion is employed for dimensionless
presentation.

2o b 520

Z=
l t Lss 8Lss

In the above, f',;; and 6, used for dimensionless presentation are defined by the
following equations. Their physical significance will later be described.

1
ths——ths/{l ZOZ}

N'““E< Gr T ) e (

5;” E( GLL?ZDIT ) E

The dimensionless numbers used in the above are defined by the following equations.

bt
_‘_
00| =
B
S
e
a—y
|
é\l)
wop

Gr,=1"80,—pv)

?
pLVL

Pr= CPL)\pLVL ,

L

(T T (pr g B (T,=To)
=t =, p=r ek

As will be explained later, d,,(2) and z, are calculated by the following equations.

1 1
04(2) :(5_)4 8, :(_z&)*
8Lss l ’ é\Lss l
2. 1. 2. Analysis by the method of characteristic curve

Partial differential equation (3)’ has a solution §=4(2, ) which is the same as
the snlution of the following simuitaneous differential equations expressed by
parameter s12),

=25, 5= (6

The solution of the equation above is given by the following equations, where 2,
#.n, and §;, are initial values of 2, 7, and § at s=0.

= (S+‘§in>4+§m“§in4
f: (S+§in> 2+fin——§in2 (7>

8‘:3+§m
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By eliminating s, the following equations of characteristic curve are obtained.

[(Z—2.) +8.,47F
=[(F—F) + 8,775 =6 ®

When Eq. (4) for initial conditions and Eq. (5) for boundary conditions are
described in the following 3 cases, indicating the same forms as in the above.

s=0:

() 20=2,0=2,=<2), £.=0, 8,=8.(%m)

(i) 2n=2,(3,<2,<1), f7,=0, &,,:30 ©)
i) Zin=0, bin=Fim 0m=0

In this case, the characteristic curve equation becomes as follows :

(1) [(E—2wm) 8.4 ) T =[F+8,2(2) 1 =5
or,
[EF=[i+2,00F =3
() [(—2a)+817F  =[F+837F =5 (10)
or,
[E—2)+2.0°  =[+a F =5
(i) EF=[t—f,]F =8

A

The relationship between 2 and § in (i) and (iii) does not contain parameter 2,, or
fin, therefore, independent of #. That is, this gives the solution corresponding to
the steady state. On the other hand, relationship (ii) between 7 and § gives the
solution for unsteady state; no parameter is contained while independent of 2.
The limiting characteristic curve between (i) or (iii) and (ii) sectionalizes the
regions of steady and unsteady states; putting 2,,=2, in (i) or (ii), the time to
achieve steady state f,, becomes as follows :

1 1
2

z:.s‘s:::ﬁ _202 (11)

Eventually, condensate film thickness & is given by the following equations for steady
and unsteady states.

12)

Especially, when z=/, fss=1—~20'§' holds. In other words, fy/t;ss=1, and §,=1,
namely J/0,5:=1. In consequence, it is understood that t1ss and &5 represent the
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3 Non-Steady time to achieve steady state and the
stationary film thickness at the lowest
end of the cylinder, i. e. z=1.

The integral hypersurface obtained
above is schematically shown in Fig. 1. 2.
The bold solid lines show the characteristic
~~~~~~~ curves on this surface, as described with
fixed % or 7. Also, the bold chain lines

3 show the limiting characteristic curve
_oh between (i) and (ii), and the small chain
7 lines show a projection on plane 2—F7, i. e.

Fig. 1. 2 Schematic diagram of charac- Eq. (11). The line of intersection between
teristic curve method. surface 2—48 and the integral hypersurface

corresponds to Eq. (4), i. e. the equation
of initial conditions. The broken lines
show the integral hypersurface extended in #<C0.

2. 1. 8. Local Nusselt number
The local heat transfer coefficient «,, and the local Nusselt number Nu,, are
defined by the following equations.

A .
dy=p, Nuy=tot L (13)

By substituting Eq. (12), the following equations are obtained.

Nuty=[#+2,5778
Nu= (14)
Nty =[] ¥4
Lss

2. 2. Condensation on the outer surface of vertical cylinder

The analysis in the previous paragraph provides the local Nusselt number in
z=0~[ at an arbitrary time. Using this data, the mean Nusselt number can be
obtained on the entire outer surface of cylinder. At that time, an unsteady state
of the time t=¢/2zxN would be realized in z=0~[ on the position ¢=¢. In addi-
tion, one turn of the cylindrical surface corresponds to ¢=0~27. Therefore, mean
Nusselt number (Nu,)x is given by the following equation.

1 Ir2r
(Nu,) ‘V:WSOSO NuRdedz

=&

; gl X%"Nu dtdz

0Jg
1
N ~z:'m§1 g Nt Nu did? (15)
0Jo

Especially with no rotation, i. e. N=0 and 2, =1, the following equation is obtained
by substituting Nu,., of Eq. (14) into Eq. (15).
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(Nt o= Nt dz =2 (16)
0 3 8Ls:s

Generally with N=N, the condensate film is separated to steady state and unsteady
state portions. Assuming the lowest position z* where the condensate film is in
steady state at time f=1/N when the cylinder has rotated one turn, the following
equation is obtained from Eq. (11).

Especially when z%*=I[, Nt;;,=1 holds. By substituting Eq. (14) into Eq. (15), the
following equation is obtained for 2*<{1 i. e. Ni,;=>1.

(Ntty) y= N?f’ZS{SiOS;N%KNum dtds

1
g [ Wt

tss
1ss

4 S;Sgﬁ%&?mudfczz} an

On the other hand, for £2%>1 i. e. Nt;,;<<1, Eq. (18) is obtained.

Z

(Vi) y= Nt E;ﬁ%ﬁ;Nuzssdfdé

1
+S; {SO*Z; NuﬂdfjuS Ij“ Numdi‘} dé] (18)
t1ss

By integrating Egs. (17) and (18) and arranging with the mean Nusselt number
ratio to the case of non-rotation, i. e. (Nun)xy/(Nttn) x=o, the following equation is
obtained,

’ =C%+%A{<1—ECZ>C%+?_C%32__LBL-B}

5 3 15
(Nu,) » {(FF=1(NVt, =1} (19)
(Num)N=0 3 2 2 1
=1+ G A\ S g BB B

where A=N1';, 8520%:30 and C=A"1-+ B2,

3. Analyzed Results and Discussions
Corresponding to the experiment in Chapter 3, an example of numerical calculations



Study on Rotating Condenser with a Scraper 11

with refrigerant R-11 is shown with constant values at characteristic temperatures.
Physical properties are used 293.2K and 303.2K for liquid and vapor phases,
respectively?®. Also, the parameters used for presentation are temperature
difference 47'=T,—T,(K) and rotation speed N (rpm) with constant values of the
cylinder radius R=0.0505m and height /=0.705 m.

3. 1. Transient film condensation on a vertical plate

Using Egs. (11) and (12), condensate
film thickness & can be obtained for any
t and z. The distribution of § at z=0~I/
is shown in Fig. 1. 3 with 47=10.0K and
00=0.03mm and a parameter of {. The
curve and the straight line show the steady
and the unsteady distributions, respectively.
Each straight lines branches from a posi-
tion of z corresponding to each £,,.. The
relationship between condensate film thick-
ness at z=/ and 47 is shown in Fig. 1. 4
with §,=0.03mm and a parameter of f.
The § becomes smaller where 47T decreases.
In this case, the change due to ¢ also
becomes less. Figure 1.5 shows the
relationship between the time to achieve
steady state 7, and 47 with §,=0.0,
0.03, and 0.05mm. Here #;,; becomes
larger with §,=0.0 and 0.03mm, when
AT decreases. With 0,=0.00mm, {;
has a peak when 47 changes. Moreover,
t1ss 18 smaller with larger 4.

%10 0o =003 mm

00 .
1

5

AT K

Fig. 1. 4 Relations between condensate film
thickness and 47T (z=I 6¢=0.03
mm).

0.0 0.5 1§D m 1.5 X164
0.0+ . : : 2.0
N 4T= 10.0 K
Oo= 0.03 mm
0.2
0.4
N
N
0.64
1=
0:84 00 g4
S . 0.5 10
20/\s,
1.0

Fig. 1. 3 Distribution of condensate film
thickness (Vertical plate, 4T =
10. 0K, 60=0.03 mm).

I i

1 5 10 50
AT K

Fig. 1. 5 Relations between the time to

achieve steady state and 4T

(R-11).

O i i
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3. 2. Condensation on the outer surface of vertical cylinder

3. 2. 1. Distribution of condensate film thickness

Figure 1. 6 shows the distribution of condensate film thickness in the ¢ direc-
tion at the lowest end z=/ on the outer surface of the cylinder, with a parameter
of N and 47=20.0K and §,=0.0mm. The condensate film becomes thicker when

¢ increases; at N=10 rpm and 20 rpm,
respectively, With the values of ¢ larger
constant. At N=80 rpm, the condensate
is scraped off again before reaching a
steady thickness.

3. 2. 2. Mean Nussell number

The relationship between the mean
Nusselt number ratio (Num)y/(Ntn) x=o
and the product of the rotation speed and
the time to achieve steady state Nt is
shown in Fig. 1. 7 with a parameter of
dimensionless unscraped film thickness &,.
(Ntt) v/ (Ntty) y=o becomes larger when
Nt is larger, i. e. the rotation speed is
larger or the time to achieve steady state
is longer. On the contrary, it becomes
smaller when §, is larger, and when §,=
1, the ratio becomes 1. This figure
has completely been made dimensionless,
available for general purposes.

Figures 1. 8 (a), (b), and (c) show
the influence of N, 47", and §, on the mean
Nusselt number ratio. The ratio is larger
with larger N. In §,=0. 01 mm, the ratio

-
T

(Numv/ (Numn=0
Qo H p @

N
T

0 05

I
|
; .
1
N-Tiss

Fig. 1. 7 Relations between mean Nusselt
number ratio and Ni#yg.

steady states occur on points A and B,
than these, the condensate film remains

Fig. 1. 6 Distributions of condensate film
thickness (On outer surface of
cylinder, 4T =20.0K, §o=0.0mm).

AT =10 K
401 8,200 mm
I
2
§3.0 001
2 002
S 203
220
005
1.0 02 dlss
| L 1
10 50 100 500
N rpm

Fig. 1. 8 (a) Effects of N (47=10.0K)
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N=40 rpm

AT K
(b) Effects of 4T (N=40rpm)

I
ol

( Nurm)n/(Num )y =0

g
o

—
(&3]

1.0

t [ |
005

000
do mm

(c) Effects of ¢ (4T =10.0K)

Fig. 1. 8 Effects of N, 4T, and &, on mean Nusselt number ratio (R-11).

becomes larger when 4T is smaller, and in §,>0.02 mm, the ratio has a peak value
depending on 4T. Also, the ratio decreases when &, becomes larger and, where it
approaches 0, the ratio agrees with 1 regardless of N.

Figs. 1. 9 (a) and (b) with refrigerant
R-11, R-22 and water.

g
o

(Nurmn/! (Ncgz)wso
G =)

Physical properties

AT=10K S =00mm -~
- ——R-22
—-—R-1i L
~~~~~ WATER -

(a) Effects of N (4T =10.0K)
Fig. 1. 9 Effects of N and 47 on mean Nusselt number ratio
(Various kinds of refrigerant).

( Num)n/(Num)n=0

3. 2. 3. Comparison with various kinds of refrigerant

The influence of N and 47 on the
mean Nusselt number ratio is shown in

40F

3.0

204

10 ; é 16 5'0 160
AT K

(b) Effects of 4T (N=40rpm)
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of R-22 and water are used values at the
same temperature as R-11. The ratios
are ranked, larger to smaller, for water,
R-11 and R-22. Especially with water,
the effect of scraping is significant. This
is because, as shown in Fig. 1. 10, the time
to achieve steady state for water is larger
than those of the others.

Fig. 1. 10 Relations between the time to
achieve steady state and 4T
(Various kinds of refrigerant).

4. Conclusions

A new method was proposed to augment heat transfer in condensation; a vertical
cylinder was rotated and the condensate film was scraped off from the outer
surface. According to a theoretical analysis, the following conclusions were obtained.

(1) A solution has been derived using the method of characteristic curve for
the transient film condensation on a vertical plate. The method is applied to the
condensation on the outer surface of a vertical cylinder to obtain the mean Nusselt
number. Thereby, the effect of scraping can quantitatively be denoted in terms of
the mean Nusselt number ratio.

(2) The mean Nusselt number ratio is a function of a product of the rotation
speed and the time to achieve steady state i.e. Nt and the dimensionless
unscraped thickness §,. With the larger N#,,, and smaller §,, the ratio becomes
larger.

(3) Particularly with R-11, it was examined how the mean Nusselt number
ratio would be affected by rotation speed N, the difference of temperatures between
saturated vapor and heat transfer surface i. e. 47, and unscraped film thickness
do. As a result, it was revealed that this ratio became larger with the larger N
and smaller 47 and d,, and that where §, becomes considerably large, the ratio has
a maximum value relating to 47.

(4) Regarding a comparison between water, R-11 and R-22, the mean Nusselt
number ratios are descending in that order. Especially with water, the effect of
scraping is significant.

(Appendix) Analysis by the Finite Differvence Method

In addition to the analysis using the characteristic curve method, the finite
difference method was also used for another analysis. This is described as follows.

Node numbers are represented by 7 and J in terms of z and . Also, the grid
spacings of finite difference are expressed by 4z and 4f. Then, the condensate film
thickness and its differential coefficients are expressed as follows:
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3(z, 1) —> o"(I+1, J+1)

20 (41, J+1) =" (L, J+1)
0z Az
20 O 4L, J+D) =" I+, )
ot At

where n denotes the number of steps in
repeated calculations. By substituting
these in Eq. (3)!, 6**1(J+1, J+1) is xig4 Be=00mm

solved, then the calculation was repeated b aT=20 K
using the SOR method including the initial 10
and boundary conditions. Attached Fig. 1
shows an example of the calculation for ©
the timely change of condensate film

L — C.M.
thickness. The result with the finite @ — F.DM.
difference method (FDM) is different
from that with the characteristic curve % 55 0 i sz’o 35

method (CM) ; .the solution of the form%r Attached Fig. 1 Variations of condensate
denotes a continuous, moderate slope in film thickness (z=1, Finite
the connection between the steady and difference method).
unsteady states. As far as the present

analysis is concerned, the CM could provide

a satisfactory solution. But if the initial condition or the boundary condition
becomes complicated or physical properties change, the solution should be obtained
using the FDM.

Chapter 2. Analysis of Condensation on Quter Surface
of Horizontal Cylinder

1. Introduction

The authors have proposed in the previous chapter the rotating condenser with
a scraper to augment heat transfer coefficient in condensation. In the previous
chapter, described was the analysis of the condensation on the outer surface of a
vertical cylinder together with the enhancement due to scraping. Subsequently in
this chapter the analysis for a horizontal rotating cylinder is described; the cylinder
is rotated around its axis and the condensate film is mechanically scraped off by a
scraper closely attached on its outer surface.

There are many reports so far for the horizontal rotating condenser?®14~16) in
which it is pointed out that, at a low speed, condensate film tends to stagnate on
the heat transfer tube while the heat transfer performance decreases. If the scraper
is used for low speed rotation, the effect of scraping would be larger than with a
vertical cylinder. Also, another technical problem is where to install the scraper,
because circumferential velocity of the outer surface is affected by the gravity
depending on angular position.
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As described above, the horizontal cylinder has considerably different aspect
from the vertical cylinder of the previous chapter. Therefore, the analysis for the
horizontal cylinder requires a completely different method. Singer, et al.92 have
derived an ordinary differential equation for the case without scraper. The authors
are proposing a modified method of the above by adding several incidental conditions,
while also covering the case with a scraper in a universal manner. Using this
proposed method, various condensate film conditions are theoretically classified and
effect of scraping is quantitatively denoted in this chapter. In these processes of
the analysis, data are presented for the distribution of condensate film thicknesses,
the distribution of local heat transfer coefficient, and the mean Nusselt number.
Especially, corresponding to the experiment shown in Chapter 3, refrigerant R-11
is employed to study the effects of rotation speed and the temperature difference
between vapor and the condenser surface. Further, a comparative check is per-
formed for the influence of installation position of the scraper.

2. Theoretical Analysis

An analytical model of Fig. 2.1 is |
assumed for the analysis; a cylinder of :
radius R is horizontally positioned in
saturated vapor and rotated around its
axis under gravity acceleration g, then the
condensate liquid on the outer surface
cooled to a constant temperature is scraped
off with a scraper attached parallel to the
axis and in close contact with the cylinder
surface. In addition, other assumptions
are that rotation speed N is so small that
the centrifugal force acting on the con-
densate film can be neglected and that the
condensate liquid is not splashed away but
drops at an angular position lower than
the cylinder axis. Also, another assump-
tion is that the scraper is installed in a
region of n<{¢;,<3%/2 in the rotating
direction from the cylinder top while
completely scraping off the condensate /
film. Fig. 2. 1 Analytical model.

2. 1. Fundamental equations

Referring to the method of Singer, et al.®), fundamental equations are derived.
Assumptions include that the effects of inertia force and vapor friction are neglected
for the condensate film and that the sensible-heat transport by convection is also
neglected. Then, velocity # and temperature T become as follows:

_ P —0r : 2oy (I
u=—E=0r gingd 23 <3> J+aus (1)
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T—T,+(T,—T,) <_§.——1> @)

where ¢ is an angle from the cylinder top in the rotating direction, y is the radial
distance outward from the cylinder surface, § is the thickness of condensate film,
usy=2nRN is the peripheral speed on the outer surface of the cylinder, T, and T,
are the temperatures of saturated vapor and the wall surface of the cylinder. On
the other hand, the equation of heat balance is expressed as follows for the entire
condensate film flowing in between positions ¢=0 to ¢=¢.

it ([ear), ~(fas), ]

- ng ‘ (%) _Rds 3)

By substituting Egs. (1) and (2) in Eq. (3), Eq. (3) is reduced dimensionless by
differentiating with ¢, as follows:

dé _ 1—cosgdt
d?  3(singd+ A1725)

where the unit of ¢ is radian, and dimensionless parameter A and dimensionless
condensate film thickness & are given by the following equations.

©)

A=

PrRe} _ 4z Pr [ NR? )2
3Gr,H 3 GrH\ »

§§< Gr, Py >1/4§_
3H R
In these equations of defining A and §, dimensionless numbers are defined as follows:

Gr, = B9(0.—00)

z
15247

Pr= CriPrVs

}‘l}
— CPL(Ts'"Tw>
H= L
_ U R
ReR__—_—yL

The square root of dimensionless parameter A is equivalent to the product of the
rotation speed and the time to achieve steady state as introduced in the previous
chapter for the vertical cylinder; only different is the characteristic length.

2. 2. Incidental conditions

Equation (4) shall be solved over the entire surface of the cylinder under
suitable initial conditions. However, the following incidental conditions should be
considered.
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(i) Conditions for finiteness of the condensate film thickness at an angular position
upper than the cylinder axis
When dimensionless parameter A is small, there is a value of ¢ that the
denominator of the right side of Eq. (4) becomes 0, within a range —=z/2<¢<n/2.
To have finite condensate film thickness, the numerator should simultaneously be 0.
Namely, the following equation is established.

1—cos ¢p6¢=0
.4 } %)
3(sin o2+ A72) =0

Putting these solutions ¢, and §,, the following equation is obtained.

¢i:—cos‘1[—%+i<§>2+1}1/2} ©

3= (cos ;) "1+

Here ¢; and §; are the initial condition of Eq. (4) with a small 4. From ¢,
solutions can be derived in positive and negative directions of ¢.
(i) Condition at the position of scraper

Flow rate per unit width V., at the position of scraper $s. i given by Eq. (7)
from Eq. (1).

boobrmedi i) o

The lower surface of the scraper is against the rotating direction of the cylinder,
at which there is a flow toward the scraper. However, the flow from the upper
side of the cylinder is blocked by the scraper. Therefore, V=0 holds valid.
In the opposite i.e. upper side, V,.<<0 is true. If V,.>0 in both sides, condensate
liquid is separated from the cylinder surface at the scraper. In other words, this
denotes the final position of the condensate film. On the other hand, when Vee=0,
the following Eq. (8) is obtained from Eq. (7).

886 J—
% =0

8 _ Gr, .. -1/2
R “( 3Re, SmM

In the lower surface of the scraper, condensate film will have a finite thickness,
that is, the solution becomes the second value of Eq. (8). In the upper side, on
the other hand, the condensate film will have infinitesimal thickness, that is, the
solution becomes the first value of Eq. (8). As described above, the case of V=0
results in determining the condensate film thickness, i.e. providing the initial con-
dition of Eq. (4). Consequently, in this case, the following condition of (iii) is
required.
(iii) Conditions for conformity or selection of solutions under the two initial
conditions
This is a condition due to having a solution for each of the two initial conditions.
The following three cases can be assumed; (1) solutions from ¢,; in the positive and

®
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the negative directions without scraper, (@ a solution from the scraper in negative
direction and a solution from ¢; in positive direction, and @ a solution from the
scraper in positive direction and the other solution from ¢; in negative direction.
In the cases of (I) and (@), the conditions give the falling position of condensate
film ¢, in the lower surface of the cylinder; as far as two solutions exist simul-
taneously, it is assumed that the solution of larger total momentum of condensate
film should be prevailing, then a falling position is allocated to the position where
the ¢ of that solution becomes infinite. In the case of (), it is assumed that solu-
tion transition occurs at a position ¢, where the total flow rate of condensate film
for each solution becomes the same.

By combining the incidental conditions above, the states of condensate film can
be classified as shown in Table 1; a case without scraper and the A-1, A-2, A-B,
B-1 and B-2 types for cases with scraper. Referring to the table, the O marks
in columns (i) and (iii) show the application of relating conditions. In column
(ii), positive or zero and negative conditions of V,, are denoted. Practical examples
for these types will be described in more detail in the later.

Table 1 Combination of incidental conditions.

Type of without with Scraper
Condensate State Scraper A-1 A-2 A-B B-1 B-2
(i) ( 97 ) o) o O o _
(i1) Ve (Upside) < 0 <0 =0 =0 = 0
Vse {(Downside) = 0 > 0 = 0 = 0 > 0
@ (or) o
(L)1 @ (9r) o | — | © o | —
® () — | — | 0 | — | —

2. 8. Method of analysis

2. 8. 1. Distribution of condensate film thickness

Equation (4) was numerically integrated using the initial conditions shown in
the paragraph 2. 2, by the Adams method!?), thereby condensate film thickness o
was obtained. However, if the initial conditions were rigorously employed, there
was a problem for numerical calculation. Therefore, the initial values for § or ¢
were slightly adjusted by such amounts that no adverse influences would be created.

2. 8. 2. Nusselt number

Local heat transfer coefficient a4 and local Nusselt number Nu, are defined
as follows:

oy = Ay N%E,ﬁé_:% ©

Ny
0 Ay

These values can be calculated using 4 obtained in the previous paragraph. In
addition, mean heat transfer coefficient «, and mean Nusselt number Nu,, are
defined as follows:
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1 _ AR
ozm:%& @ydp, Nity=—T2" (10)

Near the scraper, =0 holds valid. Therefore, Nu, becomes very large and causes
a large error when Nu, is obtained by the numerical integral. Consequently, the
analytical integral must be employed in this proximity, as follows: In Eq. (4), § is
assumed to be very small and the second term of the right side numerator is
neglected. Then Eq. (11) is obtained.

do _ - Al ] (11
d¢  3(singd?+ A1725)
This equation can easily be solved analytically with sin¢ assumed constant. The
actual method was that Nug was obtained by Eq. (9), integration was performed

in the vicinity of ¢,., then the result was connected to the numerical integral.
In the numerical integral, the B-spline interpolation formula was used!$.

3. Analyzed Results and Discussions

Corresponding to the experiment in Chapter 3, an example of numerical
calculations with refrigerant R-11 is shown with constant values at characteristic
temperatures. Physical properties are used at 293.2K and 303.2K for liquid and
vapor phases, respectivelyl®. Also, the parameters used for presentation are
temperature difference between saturated vapor and the heat transfer surface 47 =
T:—T,(X) and rotation speed N (rpm) with constant value of the cylinder radius
R=0.0375m.

3. 1. Without scraper

In this case, the incidental conditions of Table 1 beomes a combination of (i)
and (iii) @.

3. 1. 1. Distribution of condensate film thickness

As described in the paragraph 2. 3. 1, the initial value of & was adjusted by

- |
X107 | ar=20k
l N =100 rpm
!
!
1.5+ !
|
N |
i i
!
E |
1.0k |9
< \
\\ //4
N
Fig. 2. 2 Effects of deps on numerical 05k . g:g’
solutions. ' !
Fig. 2. 3 Total momentum of condensate film
. .. L L
in the vicinity of ¢r. 0.05 = 50 1éo 220 0

@0
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very small amount d.p; to apply the initial condition. An example of the difference
of the numerical solution on this .p, is shown in Fig. 2. 2. Based on incidental
condition (i), ¢; and 8; can rigorously be calculated using Eq. (6). Referring to this
6;, adjustment was applied within a range deps=—5.0x1075~+45.0x10"%m. As a
result, it is revealed that the solution of ¢ in the positive direction is valid in a
range dep<—7.0%10~2'm and the same in the negative direction is valid in a range
Oeps >+5.0x10720m.

Figure 2.3 denotes an example with incidental condition (iii) @©. The total
momentum of condensate film P, is defined by the following equation.

P¢:Sju[u[dy (12)

In the close vicinity of ¢, in which there
are two solutions, the P, of the solution
in the positive direction of ¢ is larger,
except at a position where § becomes
infinite. With other 47 and N values,
this tendency holds valid. Therefore, ¢r
is to be set at the position where the
solution in the positive direction of ¢
becomes infinite.

Figure 2.4 denotes an example of
condensate film thickness distribution.
The condensate film thickness shows a
bilateral asymmetry because of rotation,
that is, ¢>>180° and the film becomes
thicker in the left side. Especially, it is
the thickest in vicinity of ¢,. Also, con-
densate film thickness becomes thicker
with larger 4T and N. Here ¢; is larger
with smaller 47 and larger N.

Fig. 2. 4 Distribution of condensate film
thickness (Without scraper).

3. 1. 2. Heat transfer coefficient
The local heat transfer coefficient is 20

| N=0rpm

(&)

(Numn/(Num)s
o o
g\g\

=3
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(a) Effect of N (b) Effect of 4T
Fig. 2. 5 Mean Nusselt number ratio (Without scraper).
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inversely proportional to &, particularly, in the vicinity of ¢,, it is very small.
Figures 2. 5 (a) and (b) denote the effect of N and 47 on ratio (Nuw)x/(Ntbw)s;
the ratio concerns mean Nusselt numbers at N=N and N=0. Ratio (Nuw)y/(Nttr)s
becomes smaller with larger V. This tendency is more significant with smaller 47.
Also, the ratio becomes smaller with smaller 47. This tendency is more significant

with larger N.
3. 2. With scraper

First, the case with scraper at ¢,.= —3n/4=—135° is described.

3. 2. 1. Distribution of condensate film thickness

States of condensate film can be classified to 4 types in the combination of the
incidental conditions as shown in Table 1; as shown in Fig. 2. 6 with N and 47.

Particularly, Figs. 2. 7 (a) and (b) denote
the transition state of condensate film in
the type A-B, where A and B denote
solutions of condensate film thickness &
and total flow rate per unit width V,
for the negative and positive directions
from the scraper position, respectively,
starting from ¢,. Soluticns B disappear
with certain value of ¢ where dé/d¢ is
infinitive. Therefore, it would be most
valid to assume that condensate film
thickness be in transition at a point where
V4 of A and B agree together, i.e. at ¢=
@, Figure 2. 8 shows the distributions of
d in close proximity of the boundary
between types A-B and B-1, with para-
meter N. In N=48.7rpm, dé/d¢ becomes
infinity but, in NZ=48.8rpm, d§/d¢

remains finite.  Therefore, the latter
AT =20K
N=40rpm
xig®
o l.0F
E
A
=2 B
0.5+
N
23
0.0— - .
B R0 w00 B0 eg

(a) Distribution of total flow rate of
condensate film.

$.=-135.0"
1001~
50r
£
F
10~
5_
| L | L
] 5 10 50
AT K
Fig. 2. 6 Classification of condensate film
states.
X104
15r AT = 20K
N =40 rpm
Ey0f 1
| A
© ]
|
|
|
0.5 |
|
2t
R ) 7160 . ~80 50
¢

(b) Distribution of condensate film

thickness.

Fig. 2. 7 Transition state of condensate film in the type A-B.
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solution can be obtained to position ¢=¢;
without disappearance on the way.

The condensate film thickness dis-

tribution for each type is shown in Figs. 2.

X107
8.0

AT=20K

9(a), (b), (¢) and (d). 751
e
7.0k
Fig. 2. 8 Distributions of condensate film
thickness in the vicinity of the
boundary between types A-B and B-1. Bsr
75 = &5 & 55
&
4T= 10.0 K 0040 m ¢ .=-135.0° 4T= 10.0 K 0440°'m ¢ =_135.0°
= 10.0rpm 5 o = _‘19‘9: 30.0r
¢ = 180.7
6\
s
TYPE A-1 TYPE A-B |
(a) Type A-1 (b) Type A-B
4T= éo.o K §44x0m ¢ o --135.0° 4T= 10.0 K G;MU‘m $e=-135.0" |
= 070 rpm B 6 = 199.8° N=100.0 rpm 2
| Q
TYPE B-1 TYPE B-2
(c) Type B-1 (d) Type B-2

Fig. 2. 9 Distributions of condensate film thickness (With scraper, pee=—135°).
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3. 2. 2. Heat transfer coefficient 27- 10.0 K 7 Wés'"'m $=-135.0°
Figure 2. 10 shows a typical example Ne 30.0rpm 0 ¢ =-109.0°
of local heat transfer coefficient distribu- % = 187.4°
tion, corresponding to Fig. 2. 9(b). Here
ag becomes larger in the upper surface
of the scraper where condensate film
thickness is thin. It is smaller in the
lower surface and in close proximity of
¢r. The effects of N and 47 on the ratio
of Nusselt numbers (Nu,)y/(Nun), are
shown in Figs. 2. 11 (a) and (b) ; the ratio
concerns the mean Nusselt numbers at
N=N and N=0 without scraper. The
ratio is slightly larger than 1 at N=0
and, when N increases, it decreases up to
a certain value of N. When the value is Fig. 2. 10 Distribution of local heat trans-
exceeded, the ratio steeply increases. fer coefficient (With scraper,
The smaller the 47, the larger the rate $so=—135%).

results. Also, with larger 47T, the ratio
decreases. In the figure, the types of

TYPE A-B

40F
40
’Q
301
g
230 }E
3 2
H 20t
20
1.0 101
. . , ; ! I} I 1
0 50 éO 200 5 10 50
100N rpn11 AT K
(a) Effect of N (b) Effect of 4T

Fig. 2. 11 Mean Nusselt number ratio (With scraper, ¢g=—135°).

condensate state is described respectively. In the type A-1, substantially no effect
is observed to augment heat transfer with a scraper. Therefore, it is understood
that the rotation speed must be raised to create type A-B.

3. 2. 3. Examination for position of scrvaper

The description above relates to the case of ¢;,=—135°. In this paragraph, the
cases of ¢;.=—90° and —179.5°(=—180°) are examined for comparison to study
the effect of scraper installation position. The type of condensate state at ¢,,=
—90° is similar to that at ¢,.=—135°; however the region for type B-1 becomes
wider in the former. In the case of ¢;.=—179.5°; type A-2 appears and type B-1
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disappears; the former type is not present

at ¢sc:—1350 and, in this type,
tions in the positive direction

reach to the installation position of the

scraper.
The effect of ¢,. on the hea

coefficient is shown in Fig. 2.

value of a, does not change

depending on ¢,., however, peaks appear
at ¢;,=—90° and —179.5° at smaller and
larger N, respectively. When N further
increases, the effect of the gravity becomes

smaller, where the value «, for
agrees with each other.

25

the solu-
from ¢,

— =~ 90°

....... -135° AT =10K
- ~-179.5°

e without Scroper

t transfer S
12. The 20
so much
1.0F — T 10,
"“z‘d'%ttk:;—.—-ﬁ—
0 50 160N 150 200
each ¢, M
Fig. 2. 12 Effects of ¢s on the heat

For cases of other values of ¢,., the

same analysis can be performed.

3. 3. Dimensionless presentation

transfer coefficient.

In the paragraphs of 3. 1 and 3. 2, numerical examples are shown with the R-11

and parameters N and 4T.

In the present section, however, the relations are

rearranged with dimensionless presentation; Figs. 2. 13(a), (b) and (c) denote for

Gsc=—3n/4, —=n/2 and —x(more precisely, —179.57/180). Figure 2. 13(a) also
Zﬁ <2 2
_.—} with Scraper ($sc=-37T/4) § with Scraper @sc=-70/2)
ﬁ — 227 without Scraper ‘N E : :N f‘é’
> FAN 5% : : 1. 2
¢§c = - :E H 3 ~
! % [ < o w1, %
W T 5 e T S
L =TT e Y ! EM‘/ : =
=TT (0 aE ST . e
0 bt l;!nu[o 1 |1lnnl‘ § 1!I2nn0 o ! 111;1{141 )E s tand %E!l’%l!io
0T g0 wo 10| PR 107 10 g0y 0 AR 10
e Lz A
Sc L : i s :
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Fig. 2. 13 Arrangement with dimensionless presentation.
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shows a case without scraper in broken line. The abscissa represents dimensionless
parameter PrRez?/GrpH, while denoting the interrelationship between ¢;, ¢r,
and ¢;.. The figure also shows the changes of 8;% 8;0p™ and (Nup) v/ (Nttn)s, where
8;% and 8% as shown only in Fig. 2. 13(a), relate to the values of dimensionless
d; and ¢ at the top of the cylinder in non-rotation. Symbols L, M, and N represent
three positions, i.e. the first position at which ¢, appears from ¢;., the second
position where ¢; agrees with ¢, and the solution from ¢; is no longer needed, and
the third position in which ¢, and ¢, agree together while ¢, disappears. These
three positions represent the transition points between each condensate state type.

4. Conclusions

A new method was proposed to augment heat transfer in condensation;” a
horizontal cylinder was rotated and the condensate film was scraped off from the
outer surface. According to a theoretical analysis, the following conclusions were
obtained.

(1) The ordinary differential equations for the condensation on the outer surface
of a horizontal cylinder have been derived with a variable of condensate film thick-
ness. These equations have been solved by adding several incidental conditions that
may physically be valid and numerically integrating. Using these solutions, the mean
Nusselt numbers are obtained and the effect of scraping is quantitatively expressed
by the mean Nusselt number ratio.

(2) The condensate state can be classified to various types depending on the
combination of the incidental conditions. These types are shown.

(3) Without a scraper, the mean Nusselt number ratio becomes smaller when
the rotation speed N is larger and temperature difference between saturated vapor
and the condenser surface 47 is smaller.

(4) With a scraper, the mean Nusselt number ratio steeply increases beyond
the certain value of N. The smaller the 47, the larger the ratio results.

(5) Suitable installation positions of the scraper ¢,, are ¢;,=-—90° at low
rotation speed and ¢;.=—179.5° at high rotation speed. At more high rotation
speed, this difference becoimes smaller.

(6) The calculated results are rearranged with dimensionless presentation; it
is expressed that all data for each ¢,. are governed by dimensionless parameter
PrRez?/GrgH.

Chapter 3. Experiment of Condensation on Quter Surface
of Vertical and Horizontal Cylinder

1. Introduction

The rotating condenser has been reported by many researchers so far, including
Nicol, et al.8, Singer, et al.®) for the vertical and horizontal cylinders, and many
others? for different types. In either case, however, it is pointed out that the
rotation speed should be high because the heat transfer efficiency is not substantially
augmented at low speed range in each type. The authors’ research is not intended
to improve the heat transfer effect at high rotation speed, because a large amount
of driving force would be required. Instead, our interest is mainly focused on rather
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lower speed that would be more beneficial in view of energy conservation and low-
cost equipment.

In these points of view, the authors have proposed a new equipment, the rotating
condenser with a scraper to augment heat transfer coefficient in condensing phase;
a cylindrical condenser is rotated around the axis, then a scraper is closely attached
onto its outer surface while being positioned parallel to the rotating axis, thereby
the scraper scrapes off the condensate film which otherwise will work as a heat
resistance. In Chapter 1 and Chapter 2, the effect of scraping and the condensate
film conditions was analyvzed with the vertical and horizontal scraper cvlinders. In
the present chapter, an experiment to prove this analysis is described; the scraper
effect is presented as a function of the heat transfer coefficient and the mean
Nusselt number. Also, the influence of rotation speed and temperature difference
is clearly denoted. Thus, practical problems are studied in comparison with the
theoretical results. In addition, other technical assessments are also described
including how to seal the rotation axis, suitable material for the scraper, installation
method, etc.

2. Experlimental Apparatus and Procedures

Figure 3. 1 shows an outline of the
experimental apparatus. This relates to

the horizontal cylinder type. The vertical ® o

one is substantially the same, so that the ® @ [N
following description deals only with the e {H
horizontal type. Referring to Fig. 3.1, o’e‘

the solid lines including arrows show the s © @
refrigerant circuit. The total refrigerant I

circuit was evacuated about 1 hour, thereby % VAC.P. [0) . vﬁ")
non-condensable gas was almost completely ® i e ®

purged. Then, evaporator (%) was activated T ® © Lt o ®
to generate saturated vapor of refrigerant : @ © @ M
R-11. Then vapor speed is sufficiently LQ‘ S ®
retarded in mixing chamber @), and enter SING)

chamber 8. Most of the refrigerant vapor Fig. 3. 1 Schematic diagram of experi-
is condensed on a cylindrical condenser in mental apparatus.

the chamber, then the condensate passes

condensate meter @ and returns to

evaporator (), thereby natural circulation is completed. In the case of the vertical
cylinder, liquid refrigerant flow was controlled using a gear pump to charge
forcefully in the evaporator; namely a forced circulation system was employed. In
the cooling water circuit as shown by the arrow of broken lines, water is cooled
at a specified inlet temperature by refrigerator @@ and flow rate is set by means
of control valve @ and flow meter 9. Then, the water passes inside the cylindrical
condenser and returns to the refrigerator.

Figures 3. 2 (a) and (b) detail the vertical cylinder type condenser. The
equipment unit in (@) consists of a box type chamber made of stainless steel and a
vertical, cylindrical copper condenser of 101 mm OD, 705 mm height, and 0. 2237 m?
heat transfer surface area. The shaft sealing of the rotary part is ensured by the
double array mechanical seals on both ends. Cooling water flows from the bottom
of the cylinder to the upper (B tc BY). Inlet and outletf temperatures were measured
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(a) Equipment unit. (b) Heat transfer surface.
Fig. 3. 2 Details of test section (Vertical cylinder).

using the 0.3mm ¢ copper constantan (C-C) thermocouples. Vapor temperatures
in the chamber were measured with the thermocouples above installed in 3 positions
each in vertical and horizontal directions in the chamber, as shown in the figure.
Measurement of the temperature on the heat transfer surface is outlined in Fig. 3.
2 (b); the 0.3mm ¢ C-C themocouples were placed at 7 positions in a spiral
formation in the axial direction, then their outputs were continuously recorded in a
multi-pen recorder via the slipring unit. Condensate liquid film was scraped off
using Teflon scraper positioned parallel to the cylinder axis and in close contact
with the surface.

Figures 3. 3 (a) and (b) detail the horizontal, cylindrical condenser. The unit
of (a) consists of a copper-plated cylindrical chamber and a horizontal, cylindrical
copper condenser of 75mm OD, 600mm length, and 0.1414m? heat transfer area.
The rotary unit is sealed by the same method as in the vertical cylinder. Vapor
temperatures in the chamber were measured using the thermocouples installed at 3
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Fig. 3. 3 Details of test section (Horizontal cylinder).

positions in the vapor inlet and at a position in the chamber center. To scrape
off condensate film, a Teflon rubber scraper (600 mm length, 27 mm width, 1.0 mm
thickness) ® was positioned parallel to the cylindrical axis and in close contact
with the surface. Its installation position for the experiment was as shown in Fig.
3.3 (b); an angle ¢;,=225° was taken from the top in the rotating direction. Also,
temperatures of the heat transfer surface were measured using the 0.3mm ¢ C-C
thermocouples installed in 5 positions in the axial direction and 4 positions in
circumferential direction (8 points at the center), namely in 24 positions in a total.
The output was read using a recorder via the slip-ring unit. This slip-ring unit
was comprised of a copper and a constantan ring to prevent contact error of the
thermocouple.

The following procedures of the experiment were commonly employed for both
vertical and horizontal cylinders.

Saturated vapor temperature 7, was set referring to the respective saturation
pressure P;. Here P; was measured using a mercury mancmeter in high precision.
Rate of condensation s was calculated by s=p,V/t after measuring time ¢ of
filling volume ¥ of the measuring cylinder. Here pz is condensate liquid density.
To vary temperature difference 47 between T, and heat transfer surface temperature
Tym, the experiment was performed while changing 7'y, cooling water inlet temper -
ature T, and flow rate @,. A variable speed motor was employed to rotate the
setup, with a rotation accuracy of less than +29. Mean heat transfer coefficient
an was calculated as follows : measured temperatures of 7 points for the vertical
cylinder or 24 points for the horizontal cylinder were averaged for mean temperature
T,n representing the total heat transfer surface as a characteristic temperature.
Mean heat transfer coefficient «, was calculated by the following equation.

= (Q/A)/(T:—Tyn)

Neglecting the quantity of heat used for subcooling in condensate liquid, @=L is
obtained, where L is the latent heat for condensation.

3. Experimental Results and Discussions
3. 1. Condensation on the outer surface of vertical cylinder

3. 1. 1. Non rotation
In this case, the normal condensation of gravitational free convection heat
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transfer occurs. The relations between 10
Nu, and Ga,Pr/H obtained in the ex- e [
periment is shown in Fig. 3. 4 The bold 2° | Hussel /
solid line denotes the theoretical value of i q, o gz e¥ W
Nusselt1?. The experimental values are or e i
slightly smaller than the theoretical values. 5 ; l" 5
The difference may come from the negli- GalPr/H
gence of condensate subcooling, accuracy Fig. 3. 4 Relations between Nu, and
of physical properties and surface tempe- GaPr/H (Vertical cylinder,
ratures, accuracy of theoretical value itself, non rotation).
etc.

3. 1. 2. Without scraper in rotation O).O ol

Figure 3. 5 shows an example of the _'2'; g8 & 8 g
relations between mean Nusselt number § A o A o
ratio (Num) v/ (INtm) y=o and rotation speed %o,g _ ‘g 28 2 a b
N. Referring to the analysis in Chapter = 0 ,°
1, this ratio should constantly be 1 because  § ©o
of the assumption in use. Although the ‘2*08 L o247
experimental values were considerably ' & Bz 26%
scattered, the ratios were about 0.9, a k= 28%C
generally smaller than 1. As obvious from 07 { : [ ‘ 1 a
these facts, the condensate fﬂga will not Y0 20 40 60 8 100 120 10
be splashed away by the centrifugal force Nrpm
at a rpaxxmum of abo'ujc 120 rpm as in this Fig. 3. 5 Relations between (Nin)u/
experiment. In addlpon, the §hear force (Num)w—y and N (Vertical
with static vapor in the liquid-vapor cylinder, without scraper).

interface acts only in the circumferential
direction. Therefore, it is obvious that
the shear force is not effective to expedite the flow down speed of condensate film

or to disturb it.

3. 1. 3. With scraper in votation

Figure 3. 6 shows the relations of heat transfer coefficient a, and 4T with a
parameter of N. The solid lines and broken lines herein relate to a case in the
analysis of Chapter 1, with the remaining thicknesses after scraping §,=0.0 and
0.03mm. The experimental value becomes fairly larger when N is larger, than
with N=0; with N=80 rpm, the value becomes about 2 times. This is because,
when N is larger, the time from one scraping to the next is resulted shorter, so
that the condensate film thickness becomes thinner. Also, when comparing to the
theoretical value, the experimental value is closer to the calculation with §,=0.03
mm. It would imply that similar thickness of unscraped film might have remained
in the experiment. Figure 3.7 denotes the height distribution of the dimensionless
heat transfer surface temperature with a parameter of N. The larger the N, the
temperature of heat transfer surface becomes generally higher. This would be
because, with larger N, the coefficient of condensation heat transfer increases as
described above. In general, the coefficient of heat transfer is larger in upper heat
transfer surface. Therefore, the temperature of heat transfer surfa ce would be
higher in the upper part. With small N, the experimental value agrees with this
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hypothesis. However, with larger N, the value at x//=0.6~ 0.8 becomes higher.
This is not explained only with the result of the present experiment, however, the
cooling-side coefficient inside the rotary cylinder may have relations.

3. 2. Condensation on the outer suvjace of hovizontal cylinder

3. 2. 1. Non rotalion

Figure 3. 8 shows the relations bet- 2
ween Ni, and Gay,Pr/H obtained in the
experiment, like in Fig. 3. 4 The bold
solid line denotes the theoretical value of
Nusselt20. In general, the experimental
values are lower than the theoretical
values. The cause would be the same as 8l
in the discussion on Fig. 3. 4.

3. 2. 2. Without scraper in rotation

1 i 1

i)

Figures 3. 9 (2) and (b) show the 2 T

influence of.N and 47 on the mean Nusselt Fig. 3. 8 Relations between Nu, and

number ratio (Nug)x/(Nug),, where the GauPr/H (Horizontal cylinder,
solid lines relates to the result of an non rotation).

analysis in Chapter 2. The larger the N

and smaller the 47 are, the smaller this

ratio results. Compared to the analytical value, the experimental values are
generally smaller, however, the latter show the same tendency as the theory, except
in lower rotating region. That is, the values become smaller with larger N and
smaller 47, Particularly at N=120 rpm, the ratio drops by a2 maximum of about
30 %. Without the scraper, heat transfer cannot be augmented, like in the vertical
cylinder. Instead, condensate film tends to be stagnated in the rising side of a
rotating cylinder, resulting in thicker condensate film. As a result, heat transfer
coefficient was rather degraded. Figures 3. 10 (a) and (b) show the examples of
condensate film photos; 47'=17K, N=40 and 120 rpm. These photos show a view
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(Horizontal cylinder, without scraper).

(a) N=40rpm
Fig. 3. 10 Photos of condensate film (Horizontal cylinder, without scraper).

(b) N=120rpm

on the rising wall side of the cylinder from a point 270° in the rotating direction

from the cylinder top.

According to an analytical result, separating positions of

condensate film are 188° and 214°; the angles become larger with larger rotation
speed N. Also, the thickness of condensate liquid film results larger as the N is

larger.

3. 2. 3. With scraper in votation

Figure 3. 11 shows the relations bet-
ween heat transfer coefficient «, and 4T,
with a parameter of N. The smaller the
AT and the larger the N, the «, is larger,
except in 4T7T<6K and NZ20 rpm.
Especially the heat transfer coefficient
with N=200 rpm is about 2.5 as large as
with N=0 rpm. These experimental
results are compared with the analytical
values in Chapter 2; these data were
rearranged in terms of the mean Nusselt

X

This tendency can qualitatively be observed in the photos.
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(Horizontal cylinder, with
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Fig. 3. 12 Effects of N and 4T on (Nun)wn/(Nunm)s (Horizontal cylinder, with scraper).

number ratio between each rotation speed
Nand N=0, i.e. (Nitn)y/(Nun), Figures Psc=-135.0°
3. 12 (a) and (b) show the influence of N
and 47T against this ratio; in which un-
scraped film thickness 6, is not taken into 100F
account, that is, the data relates to d,= 50
0.0mm. The experimental values are,

compared with the analytical values, con- =
siderably smaller when N is larger, with

m

rp

a smaller fluctuation concerning 47". For 10F
the case of wvertical cylinder, Fig. 3. 6
shows the influence of the unscraped film 5r

thickness. It can be assumed that the
result of the horizontal cylinder might ,; é ?b 50
have caused by the similar effect of the AT K
unscraped film thickness.

In the analysis of Chapter 2, the con-
densate film conditions were theoretically
classified as shown in Fig. 3. 13; namely
to types A-1, A-B, B-1 and B-2. The
combinations of N and 47 as shown in x-marked (a), (b) and (c) are photo-
graphically shown in Fig. 3. 14 for respective condensate film states. The photo-
graphic viewing angle is the same as with Fig. 3. 10; that is, the photos show the
rising side of the cylinder. The scraper is positioned at 225°(—135°) from the
cylinder top. Figure 3. 14 (a) corresponds to type A-1, in which the condensate
film is made fairly thick with some ripples and flows down from the upper side of
the scraper. Figure. 3. 14 (b) represents type A-B; the condensate film is thin
immediately on the scraper and steeply becomes thicker at a certain angle. Theoretical
value of this angle is 286°(—74°). However, in the photo, the surface looks wavy

Fig. 3. 13 Classification of condensate film
states (Horizontal cylinder, with
scraper).
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(a) N=20 r'pbm, AT =15.7K (b) N=40rpm, 4T =14.0K (¢) N=120rpm, 4T=9.5K
Fig. 3. 14 Photos of condensate film (Horizontal cylinder, with scraper).

to horizontal direction while fluctuating timely, too. Figure 3. 14 (c) represents
type B-2; the condensate film is generally thinner without any ripples. As described
above, the experimental state of condensate is different from that of theoretical
analysis, that is, not always two-dimensional or smooth and stationary. However,
the data in average agree with the theoretical results.

4. Conclusions

According to the new method of augmenting heat transfer efficiency in con-
densation, the vertical and the horizontal cylinders were rotated and the condensate
film was scraped off in the experiment using refrigerant R-11. The results were
compared with the theoretical analysis, thereby the following conclusions were
obtained.

(1) Without scraper in rotating vertical cylinder, experimental mean Nusselt
number ratio (Nuy)x/(Nun)nv-o was about 0.9, while the theoretical value being 1.
That is, there is no effect of augmenting heat transfer at low rotation speed.

With a scraper, effect of augmenting heat transfer was nearly doubled at N=
80 rpm, compared with no rotation. The experimental value was close to the
analytical value in consideration of unscraped thickness of condensate film.

(2) Without scraper in horizontal cylinder, the heat transfer coefficient drops
at a maximum of about 30 % compared to non-rotation. This is because the con-
densate tends to stagnate on the heat transfer surface, while making condensate
film thicker. These phenomena have visually been proved in a qualitative manner.

With a scraper, the heat transfer coefficient became about 2.5 times as large
as that in non-rotation, at N=200rpm. This is rather small compared with the
analytical result; it appears that the unscraped film thickness is affecting, in the
same manner as conclusion (1).
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