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Abstract-This paper deals with an experiment performed on condensation, when saturated steam of low 
pressure flows through tube banks, crossing them horizontally. Simple expressions for heat transfer 
coefficients of steam side and pressure drops through tube banks are proposed, and resistance coefficients 
are represented graphically. At the same time, a comparison is made between the results for the two tube 
banks of in-line and staggered arrangement with 22/14 spacing-to-diameter ratio. Such results of observa- 
tion as peripheral distribution of temperature on tube surface, accumulation of leaked air, breathing flow 

of steam etc. are also reported. 
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NOMENCLATURE 

resistance coefficient defined by (7) 
or (8): 
specific heat at constant pressure 

[J/kg de1 : 
outer diameter of a tube [m] ; 
Froude number = M’QgD; 
condensation rate per tube row per 
unit maximum flow area [kg/m2 s]; 
Grashof number = p2gD3/p2; 
gravitational acceleration [m/s.“] ; 
nondimensional number of con- 
densation = c&T, - T,)/PrL; 

R, 
Re, 

T,9 
T we, 

T WT 

pp-ratio = (pdj@; 
Reynolds number for maximum flow 
area = pMD/@i; 
Reynolds number for minimum flow 
area = <MD/p; 
temperature of steam [“Cl ; 
temperature of outer tube surface 
c”C]; 
average temperature of outer tube 

surface PC]. 

Greek symbols 
latent heat of condensation [J/kg]; E, 
mass velocity of steam through 
maximum flow area [kg/m2 s] ; v 

4, 
necessary number of tube rows for 
complete condensation defined by 
(12); 
Nusselt number defined by (2); 
number of tube rows contained in a 
control surface; 
pressure of steam [bar]; 
Prandtl number; 
average heat flux for a tube row 
[W/m”]; 

8, 

241 

heat-transfer coefficient of steam 
side, defined by (1) [W/m2 deg]; 
ratio of maximum flow area to 
minimum one; 
angle measured clockwisely from 
leading stagnation of a tube [deg] ; 
thermal conductivity [W/m2 deg] ; 
dynamic viscosity [kg/ms]; 
ratio of mean square mass velocity 
to M*; 
density [kg/m3]; 
nondimensiona parameters defined 
by (3), (5) and (4) respectively. 
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Subscripts 

i,.i, N, i-, j- and N-th cross section from the 
inlet of tube bank, i.e. the cross 
sections of maximum flow area just 
below i-, j- and N-th tube row 
respectively: 

I; 
arithmetic mean value of i and j; 
inlet of tube bank. 

Superscripted properties with - for steam, 
and unsuperscripted properties for condensate. 
All physical properties are evaluated at the 
saturation temperature of steam. 

1. INTRODUCTION 

IN KEEPING step with ever-increasing Size of 
steam turbine units, the design of condensers 
has been improved. The most efficient arrange- 
ment of tubes or tube banks in the condenser, 
however, has not been established. In this 
problem, it is most fundamental to predict 

the variation of both condensation heat transfer 
and pressure of low pressure steam through 
tube banks. Nevertheless there is little experi- 
mental information available on pressure drops. 

This paper presents some experimental results 
on condensation of saturated steam which was 
obtained by using two tube banks of in-line 
and staggered arrangement of 22/14 spacing-to- 
diameter ratio. The tests are performed in the 
ranges of steam pressure 001-0.07 bar, oncom- 
ing velocities of steam lo-40 m/s and tempera- 
tures of cooling water 5-20°C. Incidentally, 
other problems clarified here involve peripheral 

distribution of temperature on tube surface, 
leaving behavior of condensate from tubes, 
accumulation of leaked air, and breathing flow 
of steam. These will provide some necessary 
conditions to be considered in theoretical 
treatment of condensation heat transfer. 

2. APPARATUS 

Figure 1 shows a closed natural circulation 
loop of steam and the condensate, which could 
be air-tightened up to a limit of about 10 lussec, 
that is, the pressure rise rate about lOmE bar/s. 

The whole loop is thermally insulated by 
asbestos and woolly-felt of l&30 mm thickness. 
The flow rate and pressure of steam are regu- 
lated by the electric imput to boiler and by the 
flow rates of cooling water to the test tube bank 
and subsidiary condenser. 

FIG. 1. A circulation loop of steam and the condensate. 

Figure 2 shows two tube banks used for the 
in-line and staggered arrangement. Each bank 
is composed of brass tubes of 149 mm o.d., 
10.4 mm id. and 100 mm heat-transferring 
length, which are arranged in 15 rows by 22 mm 
spacing both to the direction of steam flow 
and at right angles with it. The tube bank is 
settled in the test section so that the tubes may 
be horizontal and the steam may flow slightly 
downward from horizontal in an angle of about 
ten degrees. The tubes in each row are connected 
in succession outside the tube bank, and cooling 
water flows into the lowest tube, leaving the 
highest tube. 

In the middle tubes of every row composed of 
live tubes and in the second tubes from the top 
of every row composed of four tubes, four 
holes of 1 mm dia. and 25 mm effective depth 
are drilled at peripherally equal intervals, 
namely, at the leading and trailing stagnation 
and at right angles with them. A copper- 
constantan thermocouple of 0.3 mm dia. is 
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FIG. 2. Tube banks. 
(a) in-line arrangement, (b) staggered arrangement, (c)mixing 

chamber of cooling water. 

inserted into each hole. If the hot junction is 
assumed to be set in the middle of the tube 
thickness only, the surface temperature can be 
exterpolated by using the equation of thermal 
conduction. Preliminarily, it was confirmed 
that the axial gradient of the surface tempera- 
ture of the tubes is much smaller than that of 
the temperature of the cooling water. Steam 
temperature and bulk mean temperature of 
cooling water entering and leaving the tubes 
are measured by copper-constantan sheath 
thermocouples of 1.6 mm dia. The electro-motive 
forces of the thermocouples were normally 
printed on strip charts of four sets of self- 
balancing electronic recorder of 24 point self- 
switching and 2.5 mV full scale, and especially 
in the case of small and fluctuating temperature 
difference, they were continuously recorded by 
a two-pen recorder of @l-l mV full scale. 

For measuring taps of steam pressure, there 
were drilled nine holes of 3.2 mm dia. on the 
top cover of the tube banks at the positions as 
shown in Fig. 2 and those of 2 mm diameter 
on another tube bank of staggered arrangement. 
The pressure at No. 15 tap was taken as a 
standard one and measured by a Gottingen 
type mercury manometer. The differences be- 
tween the pressure at each tap and this standard 
pressure were measured by a U-tube “Bizen” 
manometer. 

The flow rate of cooling water through each 
tube row was measured by 15 sets of an inverse 
U-tube water manometer and an orifice, and 
was distributed uniformly within the accuracy 
of 2 per cent. The total condensation rate of the 
tube bank was evaluated with accumulation 
rate of the condensate in both a pipe led from 
a drain separator and a measuring glass tube, 



250 T. FUJII. H. UEHARA, K. HIRATA and K. ODA 

where the flow of the condensate was shut off 
by the valve shown in Fig. 1. 

The electric input to boiler and the total rate 
of condensation were in good agreement within 
the accuracy of measurement, but the sum of 
the heat rates given to cooling water was usually 
a few per cent, sometimes about 10 per cent 
higher than the total rate of condensation. It 
seems that the cooling water was over-heated 
by surrounding air for the most part and by the 
side walls of the tube bank partly. The heat 
rate for each tube row, therefore, was corrected 
on the basis of the total rate of condensation 
and in proportion to the temperature rise of 
cooling water. 

3. RESULTS AND CONSIDERATIONS 

When the measurement of heat-transfer co- 
efficients was attempted, the temperature of 
saturated steam was kept higher than room 
temperature by one or two degrees, lest the 
steam should be super-heated. When the 
measurement of pressure drops was attempted, 
on the other hand, steam temperature was 
kept lower than room temperature by one or 

two degrees, lest the lead pipings to manometers 
should be blocked by drain. It was impossible, 
therefore, to take these two kinds of data 
simultaneously. 

Dropwise condensation took place only on 
the fresh surface of tubes for the runs of the first 
experimental day. For the runs after the second 
day continued at some intervals, lilmwise con- 
densation became dominant on all tube surfaces. 
The cause seems due to the change of micro- 
scopic state of the tube surface. The ranges of 
data on heat transfer are shown in Table 1, in 
which Run Nos. 8-11 correspond to dropwise 
condensation and the other to tilmwise. 

3.1 Observations 
Figure 3 shows an example of measurements 

of steam temperature T, average temperature 
of outer tube surface T,, heat flux q, heat-transfer 
coefficient a and steam velocity M/p for in-line 
arrangement corresponding to Run No. 1 in 
Table 1. Steam has condensed almost completely 
on its passage to 9th row. Steam temperature 
falls more rapidly over subsequent rows, where 
leaked air was accumulated. That tendency was 

Table I. Meuswernents for heat transfer co~fficirnts 

Symbol 
MO 

Steam 

M,, T,, T .I5 

1 
2 
3 
4 
5 
6 
I 
8 
9 

IO 
I1 
12 
13 
14 

V 

A 

x 

+ 

i 

A 

0.380 0 34.29 10.86 
0,466 0 29.86 13.77 
0.647 0 34.48 34.11 
0.845 0 35.33 34.76 
0.892 0 33.86 33.63 
1.278 0 37.55 37.16 
I.236 0,257 31.02 36.80 
0,394 0 33.59 11.27 
0.623 0 33.62 13.92 
0.868 0 34.36 29.36 
I.271 0.132 38.19 31.54 
0.417 0 26.22 26.0 I 
0.63 I 0 27.76 22.5 1 
0.817 0 31.90 31.22 

Cooling water 
1%’ L 0”I T 

0.490 7.65 13.94 
0.550 5.07 IO.54 
0.505 7.75 14.16 
0.740 8.27 13.60 
0.855 7.30 12.63 
1,350 10.72 1544 
1.215 15.50 19.65 
0.825 8.27 13.47 
0.825 7.03 12.49 
0.825 7.11 12.90 
0.925 IO.57 16.53 
0.634 7.70 Il.36 
1,100 7.13 II.13 
1.186 8.01 11.91 

L 

31.79 4.18 I .os 
27.42 5.13 1.05 
32.39 7.12 0.97 
33.13 9.02 1.01 
30.42 9.8 I I a0 
34.09 14.05 I .02 
34.02 13.60 I .06 
31.33 4.67 1.02 
31.26 6.85 I .04 
31.79 9.33 I .08 
35.55 13.98 0.97 
24.93 4.59 I .06 
25.83 6.93 1.1 I 
29.36 10.10 1.07 

M’ x IO’ M”/M 

Run No. 1-7, filmwise, in-line; No. 8-t 1, dropwise, in-line; No. 12-14, filmwise, staggered. M, (kg/m%), mass velocity 
of steam at the inlet of tube bank; M,, (kg/m’ s), mass velocity of steam at the outlet of tube bank; T,, (“C), temperature 
of steam at the inlet of tube bank: T,,, (‘C), temperature of steam at the outlet of tube bank; w (m/s), mean velocity 
of cooling water; 7;” ( ‘C), temperature of cooling water at the inlet of tubes; T,,, (“C), temperature of cooling water at the 
outlet of the first tube row; T, (“C), mean surface temperature of the first tube row: M’ (kg/s), total condensation rate measured; 
M” (kg/s). total condensation rate evaluated with the heat rate given to cooling water. 
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FIG. 3. Variations of steam temperature T, (“C) (a), tube 
surface temperature r, (“C) (A), heat flux y(W/m*) (C)b 
heat transfer coefficxnt a (W/m* deg) (a) and steam 
velocity M/j,? (m/s) (m) across the tube bank for Run No. 1 

in Table 1. 
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FIG. 4. Sample plots of measurements of tube temperature. 



usual in the cases where mass flow rate of steam 
was relatively small. 

Temperature of steam, tube surface and 
cooling water leaving tubes and pressure of 
steam normally fluctuated with period of about 
10-20 s. Some examples of their amplitude 
are also shown as vertical bars in Fig. 3. These 
~uctuations are remarkable on two or three 
tube rows corresponding to the boundary 
between steam flow zone and accumulated air 
zone, in both cases of dropwise and filmwise 
condensation. These phenomena may be as- 
cribed to breathing flow of steam, which may 
be provoked by the swaying of the steam-air 
boundary, and which was also conceived occa- 
sionally by the appearance and disappearance 
of dew inside the top cover. 

Figure 4 shows the sample plots of measure- 
ments of tube surface temperature nondimen- 
sionalized by (T, - 7”). There are cases when 
the difference between the maximum and mini- 
mum temperature on a tube is about 1.5 times 
as large as (T, - 7J in that case. The distribu- 
tion of [l - (7& - T,)/(q - T,)] in the figure 
suggests that of the film thickness of condensate. 
Three curves inserted in the figure are some of 
the results obtained preliminarily on a single 
tube [ 1). At the same time, it was also confirmed 
that arithmetic mean of the readings of the 
electromotive force of four thermocouples in- 
serted at peripherally equal intervals was in 
good agreement with that of eight thermocouples 
inserted similarly within the accuracy of about 
three per cent in (T, - I(,) on every pattern of 
temperature distribution. in this paper, the 
arithmetic mean of measurements at afore- 
mentioned four positions is adopted as the mean 
surface temperature, though the patterns of 
temperature distributions for in-line and stag- 
gered arrangement and in the cases of filmwise 
and dropwise condensation seem to be somewhat 
different from each other and also from those 
on a single tube. 

flow from any sites, consequently it seemed that 
the sweeping effect of the drops was not so 
widely extended as in the case hitherto stated 
for the experiments on a vertical plate in 
quiescent steam. For filmwise condensation 
as shown in Fig. 5(b), relatively large breast-like 
drops developed at certain two or three positions 
along the lowest line on the tube where steam 
velocity was low or along the trailing stagnation 
on the tube where steam velocity was high, 
then they drained off at a regular interval. 
By the way, a drop of the drain was estimated 
to be about 0.4 g in mass, which was about 
ten times as weighty as aforementioned drops 
with dropwise condensation. Where leaked 
air was accumulated, drops of relatively large 
but unequal size adhered at random to the tube 
surface, as shown in Fig. 5 (c), but they remained 
in size, without leaving the tube. 

3.2 Nondimensional correlations for steam side 
heat transfer 

Heat transfer coefficient on steam side 2 
and Nusselt number Nm are defined respectively 

as, 

where q is evaluated with the flow rate and 
temperature rise of cooling water, which is 
corrected in some cases by using total rate of 
condensation in proportion to the temperature 
rise of respective tubes, T, is the reading of 
thermocouple settled just before each tube row 
or the value interpolated from the readings at 
just upstream and downstream for the tube 
row composed of four tubes, and r, is peripheral 
mean surface temperature at about middle part 
of the row. The heat-transfer coefficient thus 
defined may be regarded as surface mean 
value for the tube row, because q scarcely 
varied along the tube axis in the case that the 
temoerature rise of cooline water is much smaller 

For dropwise condensation as shown in 
Fig. 5(a), drops coalescent up to about 5 mm dia. 
on the tube surface were blown away into steam _~~~r 
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Iy. = (T, ” T,)’ 
(1) 

(2) 



Flow direction of steam 

I 

FIG. 5. Condensate on a tube. 
(a) Dropwise condensation. Photo is taken 

from the upper side of in-link bank. 
(b) A breast-like drop in filmwise condensation. 
Photo is taken from the lower side of staggered 

bank. 
(c) Drops where leaked air is accumulated. 
Photo is taken from the upper side of staggered 

bank. 
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than the temperature difference between steam 
and cooling water. 
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Figure 6 shows the correlation between NM 
and Gr/H. These two parameters lack general 

These parameters are derived by the authors [I] 
from the theory of tilmwise condensation on a 

(01 

m Berman -Tumanov 
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-2 

FIG. 7. Correlation between hkkii. Symbols correspond 
to those in Table I. 

correspondence. The fact that they are propor- 
tional only under the same experimental run 
corresponds to the fact that heat fluxes are not 
different with every tube row. This is reasonable, 
because the thermal resistance inside tube is 
much larger than outside one. The dotted line 
inserted in the figure shows the vatue predicted 
by Nusselt’s theory, which corresponds to the 
heat transfer from quiescent steam to a hori- 
zontal tube. The data plotted below this dotted 
line, as parenthesized also in Figs. 7 and 8, may 
be affected by the accumulated air, since they 
pertain to the tubes in the boundary zone of 
steam and air. 

Figures 7 and 8 show the correlations between 
NU and cp, NU and $ respectively, where 

cp = XRe*, (3) 

IO 

8 

6 

N 4 

‘0 
x 

-3 

2 

2 4 6 8 IO 

q-10-2 

FIG. 8. Correlation between Nu and IIf. Symbols correspond 
to those in Table 1. 
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horizontal tube placed in the downward flow, 
and cp corresponds to forced convection only 
and + to combined convection of forced and 
body force. 

The correlation for dropwise condensation 
in Figs. 7 and 8 is naturally no good and the heat- 
transfer coefficients are about (2.5-3.5) x lo4 
(W/m’ deg) for 0.053 bar and about (334) x lo4 
(W/m’ deg) for 0.067 bar. It is remarkable that 
these values are in good agreement with those 
obtained theoretically by Tanner et al. [2] and 
those obtained experimentally by Brown- 
Thomas [3] in quiescent steam of similarly low 
pressures. At low pressure, the heat transfer 
coefficient for dropwise condensation does not 
increase so much in comparison with that for 
tilmwise condensation. 

For Iilmwise condensation, the scattering of 
data in Fig. 7 is mainly due to the data on low 
steam velocity. Figure 8 shows that parameter 
rc/, which is derived theoretically under the 
assumption that the directions of both steam 
flow and gravity are parallel, is also applicable 
to the case where these directions are at right 
angles. The overall accuracy of these experi- 
ments may be estimated to be about ten per cent. 

In Fig. 8 the data which are mixed together 
for in-line and staggered arrangement pertain 
to the tube rows from the inlet of each bank to 
the second or the third, and the correlation of 

the parenthesized data affected by the accumu- 
lated air are no good. On the whole, however, 
the Nusselt number for the case of staggered 
arrangement is in good agreement with the 
theoretical one for a single tube, and that for 
in-line is lower than this by about 20 per cent. 
This discrepancy may be ascribed to the dif- 
ference of flow pattern around tubes. From Fig. 8 
there may be proposed the following expression, 

Nu = .,(l +E)%, (6) 

where K = 0.8 for in-line and K = 1.0 for 
staggered. 

The data of Berman-Tumanov of 129 points 
plotted in Fig. 4 of [4] have been rearranged 
by parameters cp and $, and are given in Figs. 7 
and 8 as hatched areas. Their experiments were 
performed on a tube of 19 mm dia., the situation 
of which was resembled to the tubes in the 
second row of staggered tube bank in this 
paper, and the steam flowed vertically down- 
wards and the velocity was extended to very low 
ranges. The correlation of their data in Fig. 8 
has become very good, and expressed by (6) 
with K = 1.1 + 0.1. The cause that the coef- 
ficient K is somewhat larger due to the syste- 
matic error concerning measurements of surface 
temperature and heat flux. 

Table 2. Experimental conditiotnfor the measurements of pressure drop qfconderlsinq steam 

Run Symbol 
p0 x lo3 MCI G x lo3 

N 
P, x lo3 P,x103 - 

(bar) (kg/m’ s) (kg/m’ s) (bar) (bar) 
CR<& x lo” 

~___ 

I Y L. 20.9 0.868 23.4 31 19.1 14.5 3.16 
2 /^- 27.2 0,857 19.2 45 25.8 21.8 3.66 
3 V 27.2 0.66 1 25.8 26 26.4 25.3 2.8 1 
4 ‘,_3 13.8 0.44 1 11.9 37 13.1 I I.6 1.94 
5 n 44.5 1.19 25.6 47 43.4 335 4.98 
6 ‘\I 40.5 0.88 I 31.1 28 39.8 36.5 3.70 
7 29.3 0,409 11.9 34 29.1 27.7 I.73 
8 n 26.1 0.874 23.2 38 26.0 17.3 3.71 
9 

3 
27.9 0.619 30.6 20 27.4 25.7 2.62 

10 18.0 0.289 9.0 32 18.1 17.0 I ,24 
~__~~_~ ____ ._~__~~~~~_ ___ ~~ 

Run No. l-4. in-line, pressure tap of 3.2 mm hole dia.; No. 557. staggered, pressure tap of 3.2 mm hole dia.; No. 8-10, 
staggered, pressure tap of 2.0 mm hole dia. N and p,, pN are evaluated with (12) and (11) respectively. 
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For the heat transfer concerning tube banks, 
Short-Brown [S], and Young-Wohlenberg [6] 
experimented with Freon vapour and Rachko 
[7] with steam. These data shows higher values 
than Nusselt prediction, but cannot be com- 
pared quantitatively because vapour velocity 
is not represented. 

10 

A 
1 

With condensation Without condensat 

I lo 20 30 40” I5 IO 

Number of tube row 

FIG. 9. Pressure distributions across tube banks. Symbols 
correspond to those in Table 2. 

3.3 Resistance coeflcients 
Measurements of pressure drop of steam and 

their experimental conditions are shown in 
Fig. 9 and Table 2 respectively. While the 
pressure in non-condensing cases varies almost 
linearly, that in condensing cases varies non- 
linearly owing to the variation of mass velocity. 
To measure accurately the pressure drop over 
a tube bank, two pressure taps are usually set 
at a point upstream and at a point far enough 
downstream, where pressure is recovered. In 
these experiments, however, the pressure taps 
were set across the tube bank, and in order to 
prevent blockade by drain relatively large 
holes were inevitably used, and moreover. 
pressure itself fluctuated owing to the breathing 
flow aforementioned. Accordingly, it must be 
borne in mind that some unknown experimental 
errors are involved in the following discussion. 

By applying the law of momentum to the 
steam flow in any control surface by i- and j-th 
cross section and neglecting the momentum of 
condensate, the following equation is derived, 

In this equation it may be available that 
p,,, = pi = pj = const. for a small number of 
tube rows in the control surfaces n, and that 
& = cj = const. for fully developed stream. In 
this paper 5 is taken as a unit, because it is not 
to be estimated correctly for the uncertain 
velocity distribution in the cross sections. The 
coefficient of flow resistance cD will therefore 
be apparently under-estimated, though it will 
not exceed 20 per cent for this spacing-to- 
diameter ratio. 

In non-condensing cases, since the variation 
of momentum is negligibly small, (7) is reduced 
to 

Pi - Pj = cD 

2(iM2) n 

P, . 
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0 301 

0 20 

G, 
-6 

/” 
Recommended curve r 

for the first row 

Recommended curve 

measurements at (i,j) = (O,l), (1, 3) (3, 5), . . . , 
(13,15) successively into (7), and cD in non- 
condensing cases by substituting the mean 
pressure gradient (p,, - p1s)/15 into equation 
(8). Thus evaluated cD is shown in Fig. 10 as a 
function of=<, which is defined as 

<MD 
Re;=-- 

P . 
(9) 

In the figure double symbols denote the values 
on the first tube row. In Fig. 10 are also inserted 
the curves obtained experimentally by Bergelin 
et al. [S], Kays et al. [9] and Pierson [lo] and 
recommended by Fishenden and Saunders [l l] 
in non-condensing cases. Each of them is 
selected as the example having similar spacing- 
to-diameter ratio to this apparatus. 

The data shown in Fig. 10 scatter considerably 
on the whole, but allow the qualitative conclu- 
sions as follows; in condensing cases cD for in- 
line arrangement is about a half of that for 

•E 
Recommended curve A 
for the first row 

0 20 
Bergelln 

’ / 
e? 01 

‘. 
. . -Saunders 

008 Reco/mmended curve 
A m 

006 ! 1 
06 08 I 2 3 4 5 6 

&x 10-3 

(b) 

FIG IO. Resistance coefficients. Symbols correspond to 
those in Table 2 and Fig. 9. (a) in-line, (b) staggered. 

When i and j are taken as inlet and outlet of the staggered one, cD for the first row is much larger 

tube bank respectively, this equation becomes than that for the successive ones, and cD in 

the same as the usual definition of resistance condensing cases is smaller than that in non- 

coefficient. condensing ones except for the first row. 

The resistance coefficient cD in condensing It is well known about the boundary layer 

cases is evaluated by substituting pairs of the with suction that the frictional resistance in- 
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creases and the drag decreases owing to the 
retardation of separation. For condensing steam 
through tube banks, the latter effect may be 
enlarged. In the experiments for in-line arrange- 
ment there was a whistle of about 1500-l 600 cps, 
which was perhaps due to Karman vortex, 
when steam did not condense, but it was arrested 
when steam began to condense. It may be 
appreciated from these facts that cD was re- 
markably reduced owing to the change of the 
flow pattern of steam. Though the flow resist- 
ance with the first tube row is normally large, 
it is also apparently emphasized by substituting 
<i = 1 into (7). 

In non-condensing cases the data on staggered 
arrangement are lower than any one of the 
reference curves, and are somewhat affected 
by the hole diameter of measuring taps. This 
disagreement is however the same order of the 
mutual differences of the reference curves. The 
data on in-line arrangement, on the other hand, 
are somewhat larger than the reference curves, 
which are scarcely different with each other. 

Generally, resistance coefficient of flow 
through tube banks cD depends remarkably on 
the relation between the diameter and the 
spacings of tubes. It is therefore convenient 
that cD in condensing cases is given as the ratio 
to that in non-condensing cases, because the 
experimental data on the latter cases are 
available in the literature to a considerable 
extent. If the curves of Bergelin et al. are taken 
as the standard ones, for the time being, cD in 
condensing cases is smaller than those about 
40 and 25 per cent for in-line and staggered 
arrangement respectively. Especially cD for the 
first row is about 5 and 2 times as large as the 
successive ones for in-line and staggered arrange- 
ment respectively. These recommended values 
are shown in Fig. 10 as solid curves. 

3.4 Pressure drops through tube banks 
We can calculate pressure drop through a 

tube bank by assuming that pressure p0 and 
flow rate of steam M, at the inlet of the tube 
bank, and condensing rate G are given. More- 

over, G may be appreciated to be constant 
commonly for all tube rows, because it is 
determined mainly by the temperature and 
velocity of cooling water. 

Flow rate Mj and pressure pi at jth cross 
section and necessary number of tube rows for 
complete condensation N are respectively, 

Mj=M,-jG, (10) 

pj-pj-1 - _l - - {2~,~~Mj2_~ - (MT-, - M;)} 
Pj-1 

(12) 

_ wherej= 1,2 ,..., N. 
If cD is given as a function of Ret, pressure 

variation is obtained by successive calculation 
of (11). The curves inserted in Fig. 9 are obtained 
by assuming N with (12) and by substituting cD 
recommended in Fig. 10 into (11). The calculated 
values and measurements are in good agreement 
in both trend and magnitude, except for the 
first row. 

By assuming that both q, and p do not vary, 
the following expressions are deduced from (1 l), 

M; 

po - PN = ?- 

cDC2(N + 1)(2N + 1) _ 1 

3N 

(14) 

For c,12N $ 1, these reduce to, 

PO - PN = 

2c&‘M;N 
3p . 

(16) 
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These approximate expressions can be applic- 
able to the part between first and Nth cross 
section. 

The approximate values of (pr - pN) cal- 
culated by (14) and (16), where p and cD at 
pressure pr and at pressure (PI + p,)/2 cor- 
responding to the (l/5 - l/4) Nth row are taken 
as the representative values respectively, are 
compared with the values of successive calcula- 
tion in Table 3. The error in the column of p1 
vs. (16) for in-line arrangement is relatively 
small, because the errors owing to the choice 
of representative values and to the neglect of 
the term of momentum change cancel out 
mutually. 

Figure 11 shows the pressure distributions 
nondimensionally. The results of successive 
calculations lie in the range between two solid 
lines for respective arrangements, and the 
experimental data are normalized by the results 

j 
N-I 

FIG. 11. Nondimensional pressure distributions across tube 
banks. Symbols correspond to those in Table 2 and Fig. 9. 

Tub& 3. Accuracy of approximate e.upressions for pressure 
drop (P, - pN) 

Reference 
pressure 
for i, cD 

Error of (14) Error of (16) 

(“0) (“b) 

in-line 
(PI + p,)/2 +2 - t- 5 +9 -+I6 

PI -10.+2 -3-+10 

staggered 
(pl + ps)/2 -4 - -t I -3 _ +3 

Pl -17--9 -15--6 

of each respective calculation (pl - pN). Chain 
lines represent the predictions by (15), which 
may be appreciated as practically good approxi- 
mation. 

4. CONCLUSION 

Condensation in horizontal cross flow of low 
pressure saturated steam through both in-line 
and staggered arranged tube banks of 14 mm 
dia. and 22 mm spacing, were studied experi- 
mentally. The following conclusions will be 
restricted rather to the aforementioned dimen- 
sions of tube banks, especially as to the resistance 
coefficients. 

(1) Condensation process is not so simple as 
that treated in the previous theoretical re- 
searches even for filmwise. Effects of accumula- 
tion of leaked air are explained in Fig. 3 and 
temperature distributions on the tube surface 
are shown in Fig. 4. 

(2) Heat-transfer coefficients of tilmwise con- 
densation are expressed nondimensionally by 
(6). Nusselt number for in-line arrangement is 
about 20 per cent lower than that for staggered 
arrangement. Heat transfer coefftcients of drop- 
wise condensation in forced flow of low pressure 
steam may be appreciated to be in the same 
order of those in quiescent steam. For low 
pressure steam, furthermore, heat-transfer co- 
efficients of both modes of condensation are 
comparable to each other. 

(3) Pressure distribution through tube banks 
can be calculated by (11) or (15), in which 
resistance coefficient cD is recommended by 
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solid curves in Fig. 10. c, for in-line arrangement 
is generally about a half of that for staggered 
one, and both of these are lower than those in 
non-condensing cases. 

(4) Pressure drops over tube banks can be 
calculated by (14) or (16) with respective grade 
of approximation as shown in Table 3, but it 
must be calculated by (11) separately for only 
the first row. 
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TRANSFERT THERMIQUE ET RI%ISTANCE Al?RODYNAMIQUE POUR UN 
BCOULEMENT DE VAPEUR EN CONDENSATION A BASSE PRESSION A TRAVERS 

UN FAISCEAU DE TUBES 

R&m&-Cet article traite d’une expCrienoe relative B la condensation lorsque une vapeiu saturte ti 
basse pression traverse horizontalement un faisceau de tubes. On propose des expressions simples pour 
les coefficients de transfert thermique du cStt vapeur et la chute de pression B travers le reseau de tubes et 
on reprCsente graphiquement les coefficients de rksistance. On fait en mdme temps une comparaison entre 
les rBsultats relatifs B dew arrangements, I’un en ligne l’autre en quinconce, avec un rapport distance/ 
diamktre tgal a 22/14. On donne les rtsultats sur la distribution ptriphtrique de temptrature g la surface 

du tube, I’accumulation d’air kjectt, 1’6coulement de la vapeur, etc.. . 

WffRMEUBERGANG UND STRt)MUNGSWIDERSTAND BEI DER KONDENSATION 
VON NIEDERDRUCKDAMPF AN ROHRBtiNDELN 

Zusammenfassung-Dieser Beitrag behandelt die Kondensation von geslttigtem Dampf bei niedrigem 
Druck an querangestr6mten Rohrbiindeln. Einfache Ausdriicke fiir Wlrmeiibergangskoeffizienten an der 
Dampfseite und fiir den Druckabfall im Rohrbiindel werden vorgeschlagen. Widerstandsbeiwerte werden 
graphisch dargestellt. Gleichzeitig werden die Ergebnisse verglichen fiir Rohrbiindel mit gerader und 
versetzter Rohranordnung, wobei das Verhlltnis Abstand zu Rohrdurchmesser 22/14 ist. Ebenso werden 
die Beobachtungen iiber Temperaturverteilung an der RohroberflLche, Ansammlung von Leckluft. 

Striimungsbewegung des Dampfes usw. erliiutert. 

I-IEPEHOC TEnJIA kl COrIPOTMBJIEHBE IIOTOICY nPLl KOHAEHCAqBB 
I-IAPA HL13ICOI’O AABJIEHBH, nPOXO~fI~Er0 ZIEPE3 rIYrI)EEI TPYB 

AEEOTBW-B CTaTbe OIIHCbIBW.?TCX k3KClIepHMeHTaJIbHOe IlCCJIe~OBaHI4e KOH@3HCaIJliI4, KOrRa 
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HacrJqeHm& nap ~KaKoro RaBneHnR npoTeKaeT sepes rryq~a Tpyb, nepeceKarr &ix B ropn- 

3o~Ta~bHomHanpasne~aa.~pe~~o~e~bl:npocTbIes~pa~e~a~~An~Koa~~K4Efe~~oBnepeKoca 

TenjIa II II~eHHR ~aBJieHEfH qepe3 IQ'YKH Tpy6. ~03~~K~~eHT~ CO~pOTKB~eHK~ IipenCTaB- 

xeH61 rpa~KqeCK~. B TO Hce BpeMR npOK3Be~eHO CpaBHeHKe pe%ySIbTaTOB @IRRByX IIyqKOB 

~py6~opp~~op~oro ~~axMaTnor0 pacnonoHEewui npssoTHoUreHKK u.rafaKwaMeTpy 22/14. 
OnpeaeneHbI pacnpeaenewie TeisnepaTypbI no nosepxHocTK Tpy6, Macca yTeKalower0 


