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Effects of Heat Exchanger Installation

for Exhaust Heat Recovery on Diesel engines
Cheol-Jeong Kim

Department of Mechanical Engineering
Graduate School of

Korea Maritime and Ocean University

Abstract

Due to global warming and depletion of fossil fuels, technologies reducing
CO, emission and increasing fuel efficiency simultaneously are required.
Exhaust heat recovery system converting exhaust heat energy into an electrical
energy or mechanical energy can significantly reduce fuel consumption. But
those devices reduce the exhaust pipe opening area and increase the exhaust
gas pressure. The pressure increase disturbs a gas flow out and makes a bad
effect on the engine performance.

To understand the effects, an engine performance is measured with various
opening ratios. The result shows that the fuel consumption rate is reduced in
case of little amount of the pressure increase, and NOx is reduced with the
pressure increase, while the concentration of the toxic exhaust gases are
increased in the case of high back-pressure.

Three types of heat exchangers installed on a exhaust pipe are tested. In the
case of plate type heat exchanger, back pressure became highest and maximum
cylinder pressure reduced in low speed and 100% load. And back pressure
increased over twice and fuel consumption also increased up to 2%, which
was the highest increasing rate. In the case of fin tube, the amounts of
exhaust emissions and fuel consumption rate were less than the other two
cases. The effect of shell and tube was in the middle. Making a decision by
the effect on engine performance, a fin tube type is the best for exhaust heat

recovery systems.
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Exhaust gas heat input and recovery by a heat exchanger are finally studied.
Shell-and-tube type heat exchanger has a high heat recovery at low speed, and
plate type has the effect of high recovery at high speed. However, fuel
consumption of the engine increased rapidly. In the case of fin-tube type, high
efficiency of the heat exchanger at the high-speed and middle-speed is shown,
and averaged power increases by 26.9% and averaged fuel efficiency improved
up to 8.9%. Fin-tube type heat exchanger is expected as the best among the

three types for the exhaust gas heat recovery system.
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(c) Utilization of energy by transportation section

Fig. 1.1 Energy consumption category and ratio in Korea
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Fig. 1.2 Regulation strengthening of the world's major national emission
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Fig. 1.3 Global greenhouse gas emissions by industry
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Fig. 1.4 Fuel efficiency regulation and goal fuel efficiency at NHTSA

B AT 532 AH Y 7IEE 7kl a8 Fob A=A E
oln] A&3t ARt A= B2 A57F a3k vyl 4 35
Z1gell B A3 9 24t 4 35 Vel A&HY] oHE Ul
WE7Fse) 227F FoA 2ol el &4 JspHelal Fdo] v =&
e A= ARget7)el AeekA] o] WAl wEsE = w7k
of 7k 7ol Fapel we A7 WEety] vl d HEdedl A
g SAVE AASIZE ofHaL, wjrjdel SRVE FHAFOEN FTHH

Hj7iqte o] 7ol Ae AsE 7HAE 5 U7
o)

folr r|r
o

o,

m

flo 4
L)

i
Ho
)
fo

>~
S
iy

|
4

2,

Ol
&
<

i .
w2 oA w7 & Bl AR Edst wi el dagrE
AAste] Aol mAl= JFS BN M2 tE FEHe Fad]
sote] FgE oUAE ALtske] Azl FH g&S Wl 453



Al 2wz € 3
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Shaft power 12K98MEMC Standard engine version
output 49.3%

SMCR : 68,640 kW at 94.0 r/min
130 ambient reference conditions

) Lubricating sil
¥ cooler 2.9%

30%
Power
Generation

Jacket water
cooler 5.2%

Exhaust gas
25.5%
Alr caoler 30%
16.5% Cooling
Heat radiation 35%
0.6% Exhaust Gas

Fuel 160%

(171 g/kWhy)

(a) Ship (b) Automobile

Fig. 2.1 Gross energetic efficiency of ship and automobile engine
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2.1.1 Thermo-electric system

dHEAE dd ZHE o] &g otk d% & ¥ (Thermo-electric
719 gl ddoR Wetazte] et

=
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A

5+ Current

i

Thermoelectic . /

cloments  Metal N/~ eenal
interconnects . electical

. \  connection
Heat rejected

Fig. 2.2 Schematic diagram of thermo-electric power generation
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2.1.2 Turbo Compound system

HE A3e=E Fig 2337 Zo] A w7 A E29 & EHUS &
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oz of FHS dAd Moz Assh= Al~Elo|th (Saidur, et al.,

2012; Kee and Lee, 2010)
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" Sl Hydraulic
e Lines
| X i (
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‘ Electronic
| Control
Module
\.,Throttle
\ Pedal Swash Plate
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Fig. 2.3 Schematic diagram of turbo compaund



2.1.3 Organic Rankine cycle system
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FASE Z22 IS gry o
and Kim (2012)2 2554 ]l

Iir
rlo
[1
o
o
2o
o

(el e] \=
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Fig. 2.4 Schematic diagram of organic Rankine cycle system
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hy =h, +v,(P,— P,) @2.1)

W) 7he] 3}

hy = hy+v,(P,— P))/n, 2.2)
AA Fzd
W, =hy—h, =v,(P,— P,)/n, (2.3)

=
mR
1

2] & ASHRE®|A] Wuje] BAAZ Fo]x 33 t}hahs

C,=a+bT+cT*+dT" 2.4)

7
—hlzf Cpdt
e

b d

[6-7, 6-8 ¥}+7]
HddE As FAF BEAFS Sl HR dE ok AA
o] uj, HFNA F ERl F A AEHA FHAE
A FEA 89 A9, &5V A FAERI(S =5) A |
ggheh = AA Hyle] WY = AR 79 A9, dE(h,)E BRI &
a0 A dud 89 Ay s ol &gttt o714 HYle @Y &
< do= o

nr= sy 2.6)
4 hﬁ_h8 ‘
h; = hg —n{hg—hg) 2.7)

7 wpgoln Zww tEHAel dws Wy} glm 5 Aol we g
9 &£20] gk A4 sold 2 #4e ag de T & A
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2.8)

mwf(h2 o hl)

Wy =

Tﬁwf(h5 _h/2)

2.9)

Qpe=

mwf(h4_h5)

ok Ed Apol el Ax

Els

7}
(Wang, et al, 2011) 12|y} ZsFA7F F7] 3}

wAsty] witel &

N
Nlo

o

A2 a&Z7F n

aAY 44 S

o

jjE

T Ut (Cha, et

al., 2010; Kim, 2011)
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22 WY 54

QoA ATtE wmpep o] f7] I Aol ZF2 oW YulE AEsh= 7t
o] we} AlolF FHo] A EebHth Bae, et al. (2009) s A AR
of #ate] ORCell 7HE A AsHAE A4S s 449 5S4 &
A3k3lth R134a = A2olA Al=® Sho] YF Fa S8 o=y &5
A A7 AA ALelF A& G AV o YA WA 37
TAE et Ri34yf = F4EHQ FUS WSAT a8& WA
Ri34a el W3l 55 olat= A FA Fom dryoto] A5 dAZL=7} v
§- Wa HAo] glomz RAAs) ek waldoel of 13Tel <l
A BEdolrg ueo] d3go FA3sltl (He, et al, 2012)

K. H. Kim (2011)2> SF®uYo}o] A9 bk o] Al A4 fFo] 2z

o}4] EM dT %‘%“1 &

=)
o Byl T 2&7) stopAd A7) vl
3 CeHe, CsHpp = R E2 FOo EHH ¢
% e ARE 2. 2l WL
AHom A AgI B
Al 2="le A g7bsstth 28" H
oA &9 Hol 72% T Al
A 6.3% FAE AT (Fu, et al, 2013; Fu, et al., 2012)
AEAoR W& 2%, g WA AtolE Z&F di5E S
SEANTIE AEFAZE §7] W sl 3ol she HAstke
A sl= Aol %—5_{?‘5}1:}_ (Heo and Bea, 2010)
T Al 5ol e T-S Aol Table 2.1 7t f7]

W Ee Ads YERd Folth

%

rﬁ

N
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cP CP CP

L/ L+V \/ L L+V v L L+V Y,
s s s
Wet Fluid Isentropic Fluid Dry Fluid
In—Organic Fluid Organic Fluid

Water, COz,
Ammonia, Ethanal

R11, R12, R134a, R1234yf| Benzene, R113, R245fa

Fig. 2.7 Temperature-entropy diagram of various working fluids

Table 2.1 Thermodynamic properties of various working fluids

Water R245fa R134a R1234yf Ammonia Ethanol
GWP Natural 1,300 950 4 Natural Natural
T.[TC] 374.0 101.1 154.1 94.7 132.2 240.8
P.[bar] 220.6 40.6 35.4 33.8 113.3 61.4
Tp[TC] 100.0 -26.07 14.9 -29.2 -33.3 78.4
T TC] 0 -96.6 67.2 -150.4 -77.7 -114.3
AhlkJ/kg] | 2,256.5 217.0 196.7 178.2 1,369.5 820

GWP : A+ 23} #]4=(Global Warming Potential)
Te: A=, P dASE, Ty B34, Tr o153, Ah: F<E(atent heat)
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T =Ty — Tpy (2.15)

7t tolF olng ERT AjAo] glong e A& wkEsit)

g oo g4 Jed b 2

@ To
W= Quy(1——=) = Co{ Ty, — Ty) (1—7) (2.16)
QH w
Ae) F4e 97 Slel 9 AL wRa.
OW/oTw = 0 (2.17)

Aojzee neld 57 5% LE HUEHe gs gt

Ty= Ty T)™ 2.18)
DO NP (2.19)

0:5 220
] ) (2.20)
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+ 3olth. Al A= FEFs SAHs] A& 7 x2xdel weh daksie
G, olAFEIER, AXANEES SR Ag S FEAY A
2 Table 3.3% Zom <zl 3298cc o UvAAFoR AAS AP
Table 3.4} 7T}
Q (=3
/ T3 T4
of| T2
[f -
m #H
Lab View [
Computer

Engine

exchanger installation

0 O
Fig. 3.1 Schematic diagram of basic experiment to assuming the heat
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Fig. 3.2 Opening rate adjustment plates at exhaust pipe exit

Table 3.1 Specifications of pressure sensor and temperature sensor

Pressure sensor Temperature sensor
Type Active type of pneumatic K type thermo-couple
Measuring .
0 ~ 5 kg/em? 0~ 1,300 C
range
Output Voltage output Current output

Table 3.2 Specification of exhaust gas measuring instrument

Parameter Measuring range Accuracy Resolution
CO 0 ~ 12,000ppm + 10% of reading Ippm
NO 0 ~ 3,000ppm + 5% of reading Ippm
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Table 3.3 Specification of hydraulic dynamometer

Item Value
H oAl 5wk 200 PS 3331~6000 RPM
HAQE= 43 kg'm
A Zn} P x N/1,000 PS
AFEEA P x 0.7162

Table 3.4 Specification of test engine

Type

Turbo diesel engine(D4AK-C)

Cooling method

Water cooler

No. of cyl. & arrangement

4-IN line

Valve mechanism

Overhead valve

Combustion chamber type

Direct injection

Borex Stroke

100mm> 105mm

Total piston displacement 3,298cc
Compression ratio 16:1
Rated output (KSR 1004) 80/2,400(ps/RPM)
Peak torque (KSR 1004) 25.5/1800
(kg- m/RPM)
NO-load minimum speed 700~750 RPM
NO-load maximum speed 2,640+20 RPM
Firing order 1-3-4-2

Injection timing

16°+ 1° BTDC
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Fig. 3.3 Back pressure measurement for exhaust pipe opening rate set
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Table 3.5 The engine operating conditions and

exhaust pipe opening ratio

Al =zl A=zl Damper 71 = WA st
% (pm) | H-3k(load) | A = = A A (mm?) S A i
Dx
700 idle DI 6,800 100%
D2 680 10%
1,300 50%
D3 408 6%
1,900 100% D3+D2 272 4%
D3+D2+D1
Table 3.6 Specification of exhaust system
Maximum allowable back pressure 50 mmHg
Exhaust pipe size 93 mm
Max. Exhaust gas temp. .
425 C
at turbocharger outlet
15.5 m’/min
Exh. gas flow rate
at rate output
Table 3.7 Braking torque conversion
Engine load Torque (N-m) Power (kW)
idle 35.13 4.78
50% 105.39 14.35
100% 210.78 28.7
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Fig 3.12 Exhaust emission according to opening rate and engine speed
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Fig. 4.1 Heat exchanger type according to the fluid flow
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Table 4.1 Heat exchangers design date

Tube shell

Flow Arrangement 24x1 24x%1

Flow rate(kg/hr) 104 159

Design Temp.(C) 230 300

Design Press.(kg/cm®) 252 5.0

Content cooling water exhaust gas
Surface area 1.536 m’

Heat exchanger rate 8.020 kcal/hr
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Table 4.2 Exhaust composition ratio according to the operation area
(based on the oxygen concentration)
CO, H,O N, )}
idle 2.5% 2.4% 78.0% 17.0%
25% 3.6% 3.5% 77.6% 15.3%
700rpm 50% 5.1% 4.9% 77.1% 13.0%
75% 6.8% 6.6% 76.4% 10.2%
100% 8.9% 8.6% 75.6% 6.9%
CO, H,O N, O,
idle 2.5% 2.4% 78.0% 17.0%
25% 4.2% 4.0% 77.4% 14.4%
1,300rpm 50% 6.0% 5.7% 76.7% 11.6%
75% 8.0% 7.6% 76.0% 8.4%
100% 9.9% 9.5% 75.2% 5.3%
CO, H,0 N» 0,
idle 3.2% 3.0% 77.8% 16.0%
25% 4.6% 4.4% 77.2% 13.7%
1,900rpm 50% 5.6% 5.4% 76.9% 12.1%
75% 6.7% 6.4% 76.5% 10.4%
100% 7.9% 7.6% 76.0% 8.5%

Table 4.3 At 20 C and 70 C water quantity of state

Temperature [Fressure| Density | Enthalpy| Entropy

(k) (atr) | (kgfm?) | (kdflg] | (ki)
1 29315 1.0000 | 98621 | 64007 | 0.29646
2 34315 1.0000 | 97776 | 29312 | 0.95509
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Fig. 4.5 O, and H,O percent For the determination of the acid dew point
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Fig. 4.6 Water temperature-entropy diagram at atmospheric pressure

Fig. 4.7 Orifice type flow meter and flow control valve
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Fig. 5.2 Detailed picture of a heat exchanger installed in the exhaust pipe
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Fig. 5.3 Measurement positions of various measurement sensors

_63_



’T%
[1E]

prans
13508
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Fig. 5.6 Picture of installed shell & tube and fin-tube heat exchanger

Fig. 5.7 Entire experimental I (before installation heat exchanger)
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Fig. 5.9 Entire experimental III

(installed shell & tube and fin-tube heat exchanger)
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% 700rpm, 1,300rpm,
. Az K3EE idle, 25%, 50%, 75%,
™ 25%, 50%, 75% F-ot= Qugr|E AAe] e HuE
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<
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s
o

Table 5.1 Heat exchanger type and engine operating conditions

Heat exchanger type Engine speed Engine load

None idle
700rpm

Plate 25%

1,300rpm 50%

Shell & tube .

_ 1,900rpm 75%

Fin-tube Max
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Fig. 5.12 Cylinder pressure according to heat exchanger type
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Table 5.2 Recovered heat and power

Overall system Enhancement of
Brak power(kW) Recovered heat(kW) o
Eng.spee T power(kW) power(%)
orqu
d
e Shell . Shell . Shell " Shell N
(rpm) None | Plate & me Plate & rl'lr;)e Plate & f:;) e Plate & tFl':l" e
tube tube tube tube
Idle 2.26 2.26 2.26 2.26 0.75 0.80 0.82 3.01 3.06 3.08 329% | 352% | 36.0%
25% 4.99 4.99 4.99 4.99 1.25 1.16 1.23 6.24 6.16 6.22 251% | 233% | 24.6%
700rpm 50% 7.67 7.67 7.67 7.67 1.52 1.51 1.53 9.19 9.18 9.20 19.8% | 197% | 19.9%
75% 10.40 | 10.40 | 10.40 | 10.40 217 2.02 2.06 12.57 | 12.41 12.45 | 20.8% | 194% | 19.8%
100% 13.08 | 12.71 12.97 | 12.87 2.30 2.52 2.47 15.01 15.50 | 15.33 | 14.8% | 185% | 17.3%
Idle 5.26 5.26 5.26 5.26 1.89 1.65 1.90 7.14 6.91 7.16 359% | 314% | 36.2%
25% 12.43 | 12.43 | 12.43 | 12.43 3.06 2.74 3.16 15.49 | 1516 | 15.58 | 246% | 220% | 254%
1,300rp
50% 19.60 | 19.60 | 19.60 | 19.60 4.43 3.80 4.69 24.03 | 23.40 | 24.29 | 226% | 194% | 23.9%
m
75% 26.77 | 26.77 | 26.77 | 26.77 5.83 5.31 6.79 32.60 | 32.08 | 33.56 | 21.8% | 199% | 254%
100% 33.94 | 33.65 | 32.69 | 32.98 6.08 5.76 8.31 39.73 | 38.45| 41.80 | 171% | 133% | 21.7%
Idle 10.48 | 10.48 | 10.48 | 10.48 3.74 2.83 3.78 14.22 | 18.31 14.26 | 357% | 27.0% | 36.1%
25% 18.86 | 18.86 | 18.86 | 18.86 5.75 4.09 5.71 24.61 22.95 | 24.58 | 305% | 21.7% | 303%
1,900rp
m 50% 27.25 | 27.25 | 27.25| 27.25 7.39 5125 7.81 34.64 | 32.50 | 35.05 | 271% | 193% | 28.7%
75% 35.63 | 35.63 | 35.63 | 35.63 8.89 6.80 10.28 | 44.52 | 42.43 | 45.91 25.0% | 19.1% | 28.8%
100% 44.01 44.01 44.01 44.01 11.69 8.88 12.93 | 55.71 52.90 | 56.95 | 26.6% | 202% | 29.4%
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Table 5.3 Fuel consumption and efficiency

Recovered fuel rate
Fuel i te(a/s) b d Overall sys fuel Enhancement of
uel consumption rate(g/s recovere . A
Engspe | rorqu P 9 v consumption(g/s) efficiency
ed heat(g/s)
e
(rpm)
Shell . Shell . Shell . Shell .
None | Plate & ;':L e Plate & tFller e Plate & :Fl'fiw e Plate & ER, e
tube tube tube tube
Idle 025 | 025 | 025 | 024 | 002 | 0.02 | 002 023 | 023 | 022 | 77% | 60% | 91%
25% 0.38 | 0.39 | 038 | 0.38 | 0.03 | 0.03 | 0.03 0.36 | 0.36 | 0.35 | 55% | 64% | 68%
700rpm 50% 0.54 | 0.54 | 0.53 | 0.53 | 0.04 | 0.04 | 0.04 050 | 0.49 | 050 | 67% | 80% | 74%
75% 0.69 | 0.70 | 0.70 | 0.70 | 0.05 | 0.05 | 0.05 0.65 | 065 | 0.65 | 66% | 61% | 58%
100% 0.89 0.86 0.88 0.89 0.05 0.06 0.06 0.80 0.82 0.83 10.0% 7.8% 71%
Idle 0.51 0.51 0.53 0.51 0.04 0.04 0.04 0.47 0.49 0.47 9.4% 3.7% 9.5%
25% 0.87 | 0.84 | 086 | 0.87 | 0.07 | 0.06 | 0.07 0.77 | 0.80 | 0.79 | 117% | 88% | 94%
1,300rp
50% 1.26 1.26 1.25 1.25 0.10 0.09 0.1 1.16 117 1.14 8.5% 7.9% 9.6%
m
75% 1.71 1.73 1.72 | 1.72 | 0.4 | 0.2 | 0.16 1.59 159 | 1.56 | 69% | 68% | 88%
100% 2.13 2.20 2.14 2.12 0.14 0.13 0.19 2.06 2.01 1.92 33% 5.7% 9.8%
Idle 094 | 0.98 | 095 | 095 | 0.09 | 0.07 | 0.09 0.89 | 089 | 0.87 | 54% | 56% | 81%
25% 1.41 1.42 | 1.36 | 1.36 | 013 | 0.10 | 0.13 1.29 1.26 | 1.23 | 85% | 103% | 130%
1,900rp
50% 1.80 1.82 1.79 1.79 | 0.17 | 0.12 | 0.18 1.65 1.67 1.61 89% | 76% | 11.0%
m
75% 225 | 2.31 228 | 2.31 0.21 0.16 | 0.24 210 | 212 | 2.07 | 69% | 61% | 83%
100% 283 | 2.86 | 284 | 2.86 | 0.27 | 0.21 0.30 259 | 263 | 256 | 88% | 71% | 98%
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