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3.3. Experimental data on the performance of vertical fin-tube type exhaust-gas

heat exchanger

Three kinds of fin-tube type exhaust-gas heat exchangers were developed by
the authors as described in Subsection 6.3 and in Table 10. In Table A-7, the
test results of AL-F-2 are shown. This type of heat exchanger is now undergoing
development. AL-F-3 has a larger heat capacity than AL-F-1 and AL-F-2 be-
cause of its large coefficient of heat transfer on the gas side obtained by increas-
ing gas velocity to 2.26 times that of AL-F-1.

APPENDIX 4

4.1. An example of theoretical analysis of a vertical shell-and-tube type water-
to-water heat exchanger
As described in Subsection 9.3, a vertical shell-and-tube type water-to-water
heat exchanger was developed by the authors for JARE-13 and JARE-20. Iis
features are shown in Fig. 55, and the design data are as follows:

Inner diameter of shell D,=0.155 m,

outer diameter of tubes d,=0.018 m,

inner diameter of tubes d,=0.014 m,

number of tubes z=26,

length of a tube [=0.988 m,

number of baffle plates N=5,

height of baftle cut H=0.0375m H/D,=0.242,
triangular pitch P,=0.023 m,

distance between two baffle plates B=0.160 m.

4.1.1. Hot-water flow inside of the tube
The hot-water 1s recirculated by a centrifugal pump.

Hot-water pump manufactured by Kawamoto Seisakusho CS-32-CO4T
flow rate 46 {/min with a head of 8 m,
17 I/min with a head of 25 m,
inlet pipe diameter 1.1/2” was reduced to 1”.
Estimated flow rate of water V,=1.212 m*/h=0.000337 mfs,
heating surface area F,=nrd,/z=nx(0.014)(0.988)(26)=1.130 m?,

sectional area A, =(rx/dd? (z/2)=(7/4)(0.014)*(13) =0.00200 m?,
velocity w, = V,/A4,=0.000337/0.00200=0.1685 m/s,
kinematic viscosity v; =0.417 X 10~¢ m?*s (70°C),

Prandtl number (Pr),=2.69,

thermal conductivity 2,=0.571 kcal/mh°C,
Reynolds number (R,);=w,d, fv,=(0.1685x0.014)/(0.417 X 10-%)= 5657,
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Nusselt number
(Nu),=0.023(R,)**(Pr)*=0.023(5657)"%(2.69)"* = 34.3,
heat transfer coefficient
a;=A,(Nu),/d;=0.571 % 34.3/0.014 = 1400 kcal/m*h°C.

4.1.2. Cold-water flow across tube bank
The cold water of the outdoor 130-k/ water tank was recirculated by a water
pump submerged in the tank.

Manufactured by Sakuragawa Seisakusho V-40F,
inlet diameter 50 mm, motor 400 W,
flow rate 200 //min, 12000 kg/h,
V,=0.00333 m¥s with a head of 6 m,
total outer heating surface area
F,=nd,! z=x(0.018)(0.988)(26)=1.453 m*,
triangular pitch P,=0.023 m,
equivalent diameter

De — [ZJ?Ptzf(ﬁdaH_' da
—[2+/ 3 (0.023)%/(= < 0.018)] —0.018 =0.0144 m,

minimum flow area
a,=(D,/P)P,—d,)B=(0.155/0.023)(0.023 —0.018)0.160=10.00539 m?,

velocity w,=V,/a,=0.00333/0.00539=0.618 m/s,
kinematic viscosity 9, =1.25% 10" m*Is (12°C),

thermal conductivity A4,=0.508 kcal/mh°C,

Prandtl number (Pr),=8.91,

Reynolds number
(R,),=w,D,Ju,=(0.6180.0144)/(1.25x 10"%)=7120,
Nusselt number
(Nu),=0.224(R,),"-*"(H[D)"*(Pr),'"
=0.244(7120)"*7(0.242)-"*(8.91)"* =95.8,
heat transfer coefficient
&, = A,(Nu),/D,=0.508 % 95.8/0.0144 = 3380 kcal/m*h°C,
thickness of tube wall g, =0.002 m,
thermal conductivity of SUS-28 A, =14 kecal/mh®°C,
total heat resistance
5 R=(1/et)(d,/d) + (1/et,) + (3.0/2:0)
=(1/1400)(0.018/0.014) 4 (1/3380) <+ (0.002/14)
=0.000919+40.000296 4+ 0.000143=0.001358 m*h° C/kcal,
overall coefficient of heat transmission
K,=1/3>,R=1/0.001358 =736 kcal/m*h°C,
K, =K, (F,[F,)="T736(0.018/0.014)=947 kcal/m*h°C,
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W.=c,G,=(1)(1212)=1212 keal/h°C,
W, =c,G,=(1)(12000)= 12000 kcal/h°C,
W,/W,=1212/12000=0.101,

K.F,/W,= (947 % 1.130)/(1212) = 0.883.

The temperature efficiency @, is given by BOSNJAKOVIC ef al. (1951) in a graph as
the function of K,F,/W, and W,/W,. By the aid of this graph, we can estimate
as @,=0.55, and from egs. (71), we get #,=40°C by putting ¢,=75°C. From

eq. (73),
wao,=Ww.0,, @,=@ (W,/W,)=0.55(0.101)=0.0556

and from eq. (72), we can estimate the outlet temperature of the cold water as
follows:

t,,=15.5°C for t,=12°C.

The logarithmic mean temperature difference is calculated as 4¢,,=42°C, and
the heat recovered is given by

0.=K,F, 4t,,,=(736)(1.453)(42)=45000 kcal/h.

APPENDIX 5

5.1. Xce-melting experiment in Tokyo utilizing coolant energy of 12-kVA diesel-
electric generator to be installed at Mizuho Station
The authors designed and manufactured a waste heat recovery system for
utilizing the exhaust gas and coolant energy of a 12-kVA diesel-electric generator
for JARE-12 (1970/72), and it was tested at Nakajima Denki Co., Ltd. in Tokyo
on 11 November 1970. The test results are given in Table A-8. The first plan

for Mizuho Station was as follows:

12-kVA diesel-electric generator set in a caboose: ZX 500B type of Meiden-
sha Co., Ltd.
Diesel engine: Isuzu C221 (total piston displacement volume 2207 cc, 21
PS/1500 rpm).
Electric generator: E-AF type, 12-kVA, 3-phase, AC 200V, 34.6 A, 50 Hz,
power factor 0.8, 9.6 kW/1500 rpm.
Waste heat recovery systems
(1) Exhaust-gas energy recovery system for ice-melting
A shell-and-coil type heat exchanger, ice-melting tank and tube type
water-to-water heat exchanger and a recirculating pump (flow rate G,=
41.5 l{min).
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(2) Coolant-heat recovery system for making hot water for room-heating.
A headtank for engine coolant.
A bathtub and heating radiator,
A recirculating pump for coolant (flow rate G, =41.5//min).
Three fan-coil units (1 phase, 100V, 40 W, 4350 kcal/h).
The experimental results shown in Table A-8 are summarized as follows:

(1) Exhaust-gas energy recovery system
The recovered exhaust-gas energy was
0,,=2500 kcal/h at 2.2 kW and 4000 kcal/h at 9.73 k'W.

(2) Coolant heat recovery system

Three fan-coil units were heated by using the coolant heat of the diesel
engine. The heating capacity of one unit was 4350 kcal/h, so that the
total available heat was about 13000 kcal/h. The coolant heat was abun-
dant compared with the exhaust-gas energy available and was more easi-
ly utilized. At Mizuho Station, only the coolant system was rebuilt dur-
ing JARE-12 for making cold and hot water, and the room-heating sys-
tem was put into operation during JARE-17 (1975/77) and has been
used successfully thereafter.

5.2. [Experimental data on a system to melt ice and produce hot water at Mizuho
Station in JARE-12

During JARE-12 (1970/72), only the coolant heat recovery system was re-
built and actually used. The data observed by Mr. TAGA is shown in Table A-9.
The experiments were continued from 3:00 of July 12 to 10: 30 of July 13, 1971
for 31.5h.

The system is shown in Fig. A-4. The coolant was bypassed to a headtank
and returned to the coolant pump of the engine. The hot water stored in the
headtank was recirculated to an ice-melting tank and to a bathtub by a recirculat-
ing pump and heated these vessels indirectly through a heating tube and a radiator
submerged in each of them.

Six kinds of experiments were continued as shown in Table A-10. In series
A, B, C and D, 100 kg of ice, the temperature of which was —22°C, was thrown
into the ice-melting tank containing 100 kg of hot water. The water temperature
dropped steeply until the ice block was melted completely, and then it was raised
again gradually with time.

The following relations should be held for the heating of water in the ice-
melting tank:

O.: transferred heat from coolant to water, kecal/h,
r: time, h,
t..*¥: an ultimate coolant temperature at r=cn, °C,
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i2 KVA Diesel - Electric Ice-Melting Tonk
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Fig. A4. System to heat water and melt ice or snow with coolant heat in a
trench engine room of Mizuho Station in JARE-12 (1970]72).

=
L]

an instantaneous water temperature in the ice-melting tank, °C,

¢,: specific heat of water, kcal/kg®C,

G,: total weight of water to be heated, kg,

C,: specific heat of tank materials, etc., kcal/kg®C,
G,: weight of tank materials, etc., kg,

w,: coefficient of heat transfer from hot surfaces to atmosphere, kcal/
m*h°C,

A: surface area relating to heat loss of tank, etc., n,

atmospheric air temperature, °C,

K.: overall coefficient of heat transmission of heating coil, referring to
F. and (¢,,*—1), kcal/m*h°C,

F.: heating area, m’.

-

The equation of heat balance can be written as follows, similarly as for Section
1(c):

Q. de=K F(t.,*—t)dr=(c,G,+ 2 CyG)dt+ 2w, A(t—1t,)dr  (A-15)
which can be reduced to

& bt °C/h, (A-16)

T
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Table A-10, Test results of ice-melting system using waste coolant heat of
12-kVA diesel-electric generator in Mizuho Station in JARE-12
(ohserved by TAGA in 12-13 July 1971).

— N —

—  — — = - = — =

Experiment scrics l A B C D E F Remarks
Engine coolant to 6 0 0 0 12 9.6 Refer Fig. A-4
radiater Gy ([/min) (50%) (0%) (0%) (0%) (100%) (80%) and Table A-9
Engine coolant to 6 12 12 124%) 0%) 24
headtank Gwmr (#Mit) | (s00) (100%) (100%) (100%) (0%) (20%)
Load (kW) 1.5 1.6 3.2 5.3 9,2 1.9 Max. load 9.6
(15.6%) (16.7%) (33.3%) (55.2%) (54.2%) (19.8%) | kW (100%)
Fuel consumption
B, (1/h) 1.85  1.88 225 245 234 194 | Specific density
B (kg/h) 152 154 1.85 201 192 159 |p,=082
Total heat supplied 16500 16700 20000 21800 20800 17200 »=10832
by fuel Qy (kcal/h) kcal/kg
Output as electric 1230 1380 2750 4560 4470 1630
power (keal/h) (7.8%) (8.3%) (13.8%) (20.9%) (21.5%) (9.5%) | At r=70°C
Ice-melting 1920 3320 4580 4510
power (keal/h) (11.6%) (19.9%) (22.9%) (20.7%)
Efficiency (total) (19.4%) (28.2%) (36.7%) (41.6%) (21.5%) (9.5%)
Coefficient & (1/h) 0.283 0408 0385 0458
Total weight of water 200 200 200 200 Hot water 100
in ice-melting tank (kg) | Iee 100
K.F: (kcal/h°C) | 56.6 81.6 77 91.6
tem¥=bla (°C) 104 110.7 1295 119.2
where
ﬂ:(Kchrcm*+ ZﬂaAIan{(chw_i' EC‘HGM) ﬂcfrhi (A'l?}
b=(K.F.+ 20, 4)[(c,,G+ 21cyGy) 1/h, (A-18)
afb=(K.F.ton* + D0 At KFo4 Dt A) =t ™. (A-19)

From eq. (A-18),
K.F,=b(c,G,+ > c,G,)— e, A=b(c,G,) kcal/h°C. (A-20)
The solution of eq. (A-16) is given as follows:
t=(a/b)—[(a/d)—t)e- " =t n*—[t.u™—1 )™ °C, (A-2D)
and

Qc= E:'Fc“cm# —f} ]:{Cﬂ]fh (A-EZ}
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C. Generator Output 3.2 KW D. Generator Quiput S.3KW
Fuel Consumption 2.252/h Fuel Consumption 2.458/h
100 SFC 0.703 2/KWh SFC 0462 £/KWh
-t Gw = 100 kg Gy = 100 kg
90 G =100 kg G; =100kg
l Ceolant Temperature ot Ted
80 I!\ Engine Quiflet t.4 =~
! !
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Fig. A-5. Cooling and heating curves of water temperature of ice-melting system using coolant
heat of 12-kVA diesel-electric generator (measured by TAGA, 12-13 July 1971).

In eq. (A-21), time ¢ should be calculated from a point on a temperature in-
creasing curve, where the water temperature ¢ is equal to #,.

For series A
t=104—57.4 -0,
b=0.283 1/h, a/b=104°C, a=29.4°C/h,
G,=200kg, c¢,=1.0kcal/kg°C, 1,,*=104°C.

From eq. (A-20), we get
K.F.=b(c,G,)=0.283(200)= 56.6 kcal/h°C,
Q.=K.F,(t,,* —1)="56.6(104—t)= 5886 — 56.6¢ kcal/h,
0.=1924 kcal/h(r=70°C). |

For series B
t=110.7—54.7 e-*%*  p=0.408 1/h, a=452°C/h,
0.=81.6(110.7—1)=9033 —81.6¢ kcal/h,
0,=3321 kcal/h (+=70°C).
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For series C
1=129.5—825¢ %%, p=0.3851/h, a=49.9°C/h,
Q.=T77(129.5—1)=9972—77 t kcal/h,
Q.=4582 kecal/h (t=70°C).

For series D
t=119.2—757 e """, b=0.458 1/h, a=54.6°C/h,
0.=91.6(119.2—1)=10920—91.6¢ kcal/h,
Q.=4510 kcal/h (1=70°C).

In Fig. A-5, the cooling and heating curves for series C and D are shown. The
summary of the experimental results are shown in Table A-10,
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