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Abstract

Cooling system of engine power pack i1s designed to remove heat
from the engine and various power pack components efficiently and
to offer an optimum operating temperature for the power pack.
Cooling system is a thermal flow network that connects engine,
turbocharger intercooler, radiator, and oil coolers and these are linked
in a serial or parallel circuits. The coolant temperature at each
component device in this closed circuit cooling system is determined

according to the ambient temperature and engine RPM. Because the



thermal state of one component provides the boundary condition of
the next component in the circuit, the heat and flow balance analysis
of the cooling circuit is necessary to optimize the cooling system
performance for various operating conditions and running conditions
of the vehicle. In this study, heat and flow balance analysis of 1500
hp diesel engine cooling system has been conducted utilizing
Flowmaster2 code. The cooling system in this study is characterized
by two parallel circuits of high temperature and low temperature
coolant.

The major component models such as engine, three—flow-path
radiator and turbocharger intercooler as well as thermostat were
constructed from the basic component models provided by the
Flowmaster2 code. The completed cooling system model was first
tested and adjusted against the design specifications of each
component of the cooling system until the amounts of deviations of
the calculated flow and heat balance lie within the accepted design
margins of the power pack components. Then the model was used to
simulate thermal behavior of the cooling system under various
ambient temperatures in the range of 44°C to -32°C, which are the
upper and the lower design temperatures of the power pack. In cool
ambient temperature condition in which the thermostat is likely to
operate, a converged steady-state solution was successfully obtained
by a transient calculation of such multi-component, multi—circuit
cooling system. The calculated coolant pump suction pressure in each
case was examined to discuss the occurrence of cavitation in the

pump.
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Cross—sectional area, °

Pressure wave velocity /s
Width or breadth ,,
Correction factor

Pressure recovery coefficient
Diameter,

Hydraulic diameter,

Pipe diameter

Friction coefficient
Gravitational acceleration, /s
Total head, s

Total head loss,

Head,

Loss coefficient

Roughness coefficient
Length,

Diffuser length,
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AL

Total pressure, A »*
Total pressure Drop, A »*
Perimeter (wetted perimeter),

Static pressure, A »*

Flow rate, /s

Radius, s

Reynolds number, pz2, /u

Radius,

Time, Ky

Mean velocity,

Width,
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Node number 1
Node number 2
Node number 3
Port number 1
Port number 2

Port number 3

Specific weight, A »°
Angle, degrees

Absolute viscosity, N/ #°
Kinematic viscosity, #?/s

Density, g/ #°

Cavitation parameter

- vii -



Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 4.9

Table 4.10

=3

2 3

Source code of HT thermostat operation model
Source code of LT thermostat operation model
Cooling circuit piping data

Design specification of power pack cooling system

components (rated coolant flow rate = 70.2 m”/h)

Comparison of calculated coolant flow rate and

pressure drop to design values

Comparison of calculated heat rate and coolant inlet

temperature to design values

Variation of coolant flow rate at different ambient

temperatures

Variation of coolant pressure drop at different

ambient temperatures

Variation of heat rate at different ambient

temperatures

Variation of coolant inlet temperature at different

ambient temperatures

Variation of charge air temperature at different

ambient temperatures

Variation of thermostat bypass flow rates at

different ambient temperatures

Variation of circuit coolant flow rate at different

ambient temperatures

Variation of pump suction pressure at different

expansion tank pressurization level

= viii -



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

2.1

2.2

2.3

2.4

2.5

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

ER I

Flow diagram of power pack cooling circuit

Flowmaster application example I: passenger car cooling

system with electronically—controlled thermostat

Flowmaster application example II: diesel engine

cooling system

Flowmaster application example III: LPG gas injection

fuel system

Flowmaster application example IV: engine oil

circulation system
Three—fluid heat exchanger modeling
Thermostat modeling

Illustration of coolant flow rate change by high

temperature thermostat operation

Illustration of coolant flow rate change by low

temperature thermostat operation

Illustrative view of thermostat internals

Thermostat operation principle

Engine modeling

Flowmaster modeling of diesel engine cooling system

Effectiveness map for HT radiator as a function of

coolant and air flow rates

Effectiveness map for LT radiator as a function of

coolant and air flow rates

_ix_



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3.11

3.12

4.1
4.2

4.3

4.4

4.5

4.6
4.7

4.8

4.9

4.10

411

412

413

4.14

Effectiveness map for HT charge air cooler as a

function of coolant and charge air flow rates

Effectiveness map for LT charge air cooler as a

function of coolant and charge air flow rates
Range of operating temperature of cooling circuit fluids

Difference of calculated coolant flow rate and pressure

drop from design values

Difference of calculated heat rate and coolant inlet

temperature from design values

Variation of coolant flow rate at different ambient

temperatures

Variation of coolant pressure drop at different ambient

temperatures
Variation of heat rate at different ambient temperatures

Variation of coolant inlet temperature at different

ambient temperatures

Variation of charge air temperature at different ambient

temperatures

Variation of thermostat bypass flow rates in high

temperature circuit at different ambient temperatures

Variation of thermostat bypass flow rates in low

temperature circuit at different ambient temperatures

Comparison of circuit flow rates at different ambient

temperatures

Comparison of flow rates of engine and CAC at

different ambient temperatures

Pump cavitation characteristics

Variation of pump suction pressure at different

expansion tank pressurization level



A
7 Wl %

A 17

1.1

oA 7

oF ol A ool o

ol
A

o
;OL
s
T
Z.E
B
ol
e

Wk
T

X

T

ZF7bE wE el E

R

3 A} 3]

AT Aol W JARE

<

i

0|
pa

AR
2]
=414

=

=

=3
LEE, A7
F o

ol
wA7E v

8 9
7] = A

78 A A

1
i

J)

A

o
ol
A

o
T

2 T (Nakajima, 1991).

T 7he AL

N

WU..O
mpy

Ho

o] e

=71 ¥R

ﬂl

B8
N

el

AX YR Ao

&3

e]

t}

3
oF
el
N
\WO
"
a
o)

ar
A
™

ol

=3

iy
o
"
,_ﬁ

o

3 Apo]

3%

o =

$H x4 9

ki3

oF

o}

ol

oo

oy
=
al)
TH
<]
s
ﬂ\_-JO
B

)

%

o

o
o
el

7o
e

7A

s
N

"



B-

1.2

B!

—~
o

;O.ﬁ

el
&
ol

TR

i}

<

N

WUJU

~
)

ol
e

o

2
4

B

o

N

o
o

e
OE

JJo

o
Ufo

o]
o

o
oW_

H

2000°C ©] A
2 o] AT A glo]

[¢)

pe=a=s

om A7 Au] Lol

R

<
7
B

ol

mr,_
)

)
e
o#a

T
A

o)

=
B
)

o
;OO

T
OO

A

mo
e

o)
=<
)

25 dAgor F4

< 3]

A

]

5o}

7 2

a

iE

EREERE ST

9t

ol

BHF7E 1 IR

A

2|

o:
o

27 3

[e]

i

e
T

3] 2 o] A

o

A

A 3=zt RAEE B

A ol A

-

=R

o, wEpA al

9

—_

oy
o]
=R

<

o
jaxe]
B
|

%

+
o
X
o
el
1o
=
o
o
paill
&
Ho
o)
oy
N
=o

=K

—_
o
<

o



—

TH

<]

~
ﬂu..o

2.1

—_L
=

23 A4, 1995).

dr

el

o

ZIAA eluA 2 W3]

=
=

< ofl ¥ A

as,

i
=

]

A 22l o

w3

ma

iAol 7| A A=z ¥

34

25-35%7} s}

TAE 99
o A A E AL

ok
2

®

o)
|

2
A% Aol A e 7}

_0/]

O

ok 359% 7}

=5

Ea

L 2 B

A=12PN
=L T

o o]

o
Go

AO

< &S 7EAH,

Bld

o

I

o)

i
o
=

N
sl
N

or

)

o)
of
%
o)

I

o}

o)
M

ol

=3

e]

\ao
ol
<]
=y

)

B

|

3T
=

d1 Ady d=s Ava

|94, %4

|

A

—_
o

N

i
=
W

|

ay

¥ oL

& = 2]

g, 2dd 9

8
|

<
4

B/

J)

o

Mﬂ
el

.gon_
™
o)
<
=

o
To

N
el
4]
=)

)
I}
<
W

gl oF 5%7}

il A

o] 2w

1552

kel o

A

julg

1El v (o] 4 &, 2000).

A
=

4

J)

—_—
o

kol Ath(Lu, 2004).

3|
s

i Al

9]



o
il

o
e
=)
ol

TH

|2 a4 =15 zZE=t(Johnson, 2002). ¥ ZHAl 2=

7

o

]
=

= =4

2 A 5]

b Aoz

, 2002).

_ZO

)
=W

o
.gon_
™

o

?:]]'

(16723: 1) =

LT 7} 50

il

el
M

el
oI
il

B

A

ol

ol
e

\=]
fLE

1
ti} 2] (Charge air cooler)<

-
o ¢

A AdHl A 2 Tt

=1
P

185

tH(Kern, 1997).

ki3

FHE B

ol

I

Ho
o)

ol
B
o}
B
™

o

oo

]

olth. 25 7]

o) H R 2o ZrETh w4

Mo
|

o

olm

QY
)
e

—

]

B/

iyt

[ml
J)

.
o

FA ®tH(Aoyagi, 198%).

7}E

W ahe] %

4

Ho

18Ss yA

A, 1997).

€

EIR=R ey

7t =

=]
ER

e T e R

=
o

~

=
)



o

B

N

N
~
-
el
B

o
of

)

el
T
Jo

|5

A

|2

A

1=

H

ioh, el &

<)
“

37 =

SEE N A

&

]

Fo] 9l th(Heywood, 2001).

I
pud

oz A

i oF

9]

al

212

~

o)
e

=
=

# 3}

A A YA =R

il
o

4

N

WUJU

0
—_
o

18
o

o
B

=K

of o

=
=

™

o
o
=y

oy

pzel

o
i
al]
X

—

el

of

N
i
i

Mo
7
7
=
Bl

{vay

3
=

849

ZAmge] 74

ill

T

Nd
T

X
o}

—_—
o
‘mwo
T

o]

el

i

™

—_
o

o

i

bol 217 3

)

HE

LS|
ax

2.2 Flowmaster?2 A7 Ald

Flowmaster2

o]t}. Flowmaster2

2%

H]

o

o

o

o

B
o

=K

o] 714



Flowmaster2 I =2 o] &

o

R

S
=]

s}, o

[¢]

3| Aol & o

[¢]

— —
TR R R T 2V T W b KW oy F mw
T K 7m B %o ™ T woN oy X W
T o - K~ T e o
H < = 0o — ﬂ +— Of i) 0
= W o — 9 < s
=y R S m T oW 2 oM i M AR
o To! "o AR mr o] 2« 2 e N
F T T TN oow N8 ) o
= ™ oA 3 o Wb [=! J— mo
— ® XORe K %o o < X g & 5§ 7 of 7
) =
N fo %o o B A& oy B O T om o
o T oo X0 @ oo — o = -z
T g N R on @m “ e & =g of) W
S 10 ,_Im‘_ L o 0 + S — <
ST EEREEE RN
: op RS S= S . N o
oy — ~ T F ™ X w2 o T o o
ot R pow ! T T 8 L 9 £ p
o Ao L A ° o E o o ¢ 4
of <7 RGN T O — bl
<X 0 =~ N Ea ~ =
< \F s ~ o ~ 7 5 S 4 8 ¥ =
—— S ® T R AN —_ o X o = & o)l oy
- N “ AR - T ¢ ° N
,ﬂo.u 7~| Tbﬂ ) \ Jl ‘Ui [aN] 1) ;‘Mﬂ ﬂA Zﬁ o
F° 3 2o ] my = = B o o) )
_ni ’ ZT| BU T = 1Jr ‘Ol m_w_| O ﬂv_Al A # ,..&.o M ﬂu ) — o)
T lagn® (O N w8 g o ¢ = N
g Ho i prr—— o o -~ T ) < E
T6° oF i, SR LR ¥ 74 OV = & X X o nT\u I
I T BH ~ o o =
< o 4 oo LGB T oH oy T g z X w
- <0 o) e ® B = B T oy X = j zroo nR
3 ] — e} [ry 0
H w . o AP r T w W o T ﬂﬁc o)
[ 70 w_w .MV LN e | e SR VI S oo < W i Ar
= < el B < ~ < oy i oy =< o o}
— N P <= R
2 o NI N S I S S
le hl & Mo o RT - T W o BAO K N 3 2 T
O
< = ﬁ.@nﬂ%mﬁ,%g%ﬂ@mﬂgmﬂ
N - - = T do X B g oo ) L% W OR oo g%
: N - - BT T T oM T TR OB T O? O = N
,DF 2. ,Dr B X T < N

=k A2 3

=& 10~40C o] tH100% <l



~
g % o
Q Y _
SEE m T ¥ M T
Lo Mﬂoow%@@ﬂ
] o
= oy W o = o =T s S —
m ﬂmo ) M - ﬂ:m =n ok = X Wou i W,L_ Fo
‘ml ﬁo LT LS erL = lgng —_— ,_Imw_ i \Nﬂ O#E
= o 7 i g d s n B " W oF o
2 z T T < oW g TSI
T N o K| X < il ) o]
R G ¥ o < w om0 o nW B
© H = ™ %o Ho N N X 2
o Boa TR " N
o oo Y Ho oo A o (- e o]
s oF T "o » ® ~ B wo = o
0 . il ) !
ol w© o Nir m_m o | ‘_@. — o &
o < A~ fS) - T ~ % B i
5 = B Mﬁ ok = P o X
W S ER T B oy
| o] J M o (] ]
G om 8 ﬁ@wnﬂzym oo 2P
N — g cd R 4 m o Yo OB
= 0 m ~: 0 i ,._dul T g 21 o~ N o
= B o Lw Iy = P s R g £ B o J_
3 L ) - 1& R O B ° o
S = oF m Y B e = & ° iz
B S o I\ VA g L8 o
oo - %0 Co R g S = £ M
@ R B S W - 7 )1V = 2 F
5o om F Wi, - L W & & -
5 ,W.O ~NH el O_H g o 1! Zﬁ O?_ o ﬂﬂ ) Lf O,_ B/H
,Mv_l - X ~o W o ,wlw_ ‘MH ,lml‘._ Mﬂ K © LO i —_
ol X ) N mg = A Fo T Al o O B o
) — ~ r—
T T TS uE S e T
% = | — o
WL " HH %o N _MT. Wrb M " 1&_ H % m ol o} ) Mﬁ =0
ER 2 nodo W| ER W OW o I‘Dlr o K|
N o ;MEH MM wooor Mo S " S ‘_W <
I . w o E "
fy N e P T o
2 = —
) ZL T

ol

-

L

7k Fig 25

=



= B wm = muc i me mM m oo ~ ) Moo=
.ﬂl H; S % ul — gy N X _/H_ X ofu n(é\ n(/u\ ﬁo
oo g N ™ 40.! = WE ~ W AT of _IIM
~ o ° i o
jul] - o m n F Mo L 1 Y A T o X
W: = T m 1O_r_ _ oE o) W o R T W
B o o & S S N
= & w9 N ! oy My
Pom o5 O G N G RO =% M
o < o = @ N N b ™ &o " ot
Jl T o % ‘Lﬁ Ny N io LU < T N
=D ™ m (i il
CR W H R T E o= W
2T Pfifez®z ., L 7
o oM S cIC) "R : Tow T
CE, ol 52 o o o - e 2o T% N = o
2 P8 F RNV s | | ¥
o s o= o - A 0 X = S 1
w ¥ % & Y el )l A" & N ST
E —_ oy X ,UF < I~ ~ ~
N =3 - ). X -
p DX 2 o Wiy B oS < . or B
SR = e fEE oy ¢ § =7
SECI ™ oD ® Y X X 7
T o B T ) = W\t Ho T &
oy S T = Yo M = n S fo e I Il —~ &
U = < = ) o <2
- _v: @] ‘QW e B Eo :.L = :i ,_lm‘._ o O#E > > W
Mo ° C) = Iy i X T g o T 3
TH n,nAu WW il ~ v i _~ " =
% ~ (N o .ﬂl | ﬂE — = ,_Iﬁﬁ._ EME N OT.E ﬂ O#E ‘_Iqh_u” “(Hu\
= o o = TN o X Mo g o 7
iy B s 2T a g T w
» M e B N T e e .
o] T &a <0 T | o =3 No R
W ™ HoH do o o T . o S
oo ) N W oEm o H O E N OE m %

o
=

I

A

!

d

o
R

T

Bl 4 2302 e &

719 -8 % (Effectiveness) ¢

o A 7t ddEE

A=

S
Tl



(2.3)

qg = Scmin(jwé,/— TC‘,Z)

=K

oo

N
)
E

T

L 37 of] A
Al (Acceleration

=,
E
T

1

0]
pal

9

7hE ol

2l (Gravitational Loss),

o
.

=

R

w}
(Skin Frictional Loss)® o] xt},

Loss), $#ll

el

22

A= o)
] e &4

Al

3

SE

Wzto]

o #7

1

S
f4

|

bl

% o]

1

o)

J)

—

o

oF
iy

Az A Al

Ftt(Mohan, 1997).

23%

=
=

2 4 5} 7}

A 225 9]

p

)

3
Ny
H
oy
&

T
!
o)

st
<
)
s

—_—_
o



<0

!
o
—
;OL
1o
el
~
X

o
<

X

w
4

~
N2

I

TR

=0
—~

R
o)

IO
W

|

N

o

o
B

T Uds
S Aol
o
(Charnay
, 200
1)

_10_



Fuel Cooler

P
A -
i [Main Engine
Hadiaicr
(110 Charg
Main

:
st

T/M Oil
Cooler

“““ 1 Qil Cooler

0

Coolant EXpansion
Tank
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Fig. 2.4 Flowmaster application example III: LPG gas injection fuel

system
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Fig. 2.5 Flowmaster application example IV: engine oil circulation

system
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1 Constant flow source

1 Pressure source

1 Pump

1 Heat exchanger : Thermal

1 Heat exchanger : Heater-cooler
1 Ball valve

1 Pipe

1 Elbow

1 T - junction

1 Y - junction

1 General : Tabular
1 Gauge : Temperature

1 Controller : Temperature
1 Operational variable

1 Thermal bridge

1 Heat flow source

1 Solid bar

1 Point mass

1 Radiation solid

1 Expansion tank

1 Diffuser

1 Orifice

1 Swing check valve
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Fig. 3.2 Thermostat modeling
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Table 3.1 Source code of HT thermostat operation model

pl = controller.inputvalue(1)

preq = 273.15 + 79
diff = pl-preq
percent = diff/15

If(pl => 94+273.15) Then
Controller.outputvalue = 1-1*percent

End if

If(pl < 94+273.15) Then
Controller.outputvalue = 1

End If

If(pl < preq) Then
Controller.outputvalue = 1

End If
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Table 3.2 Source code of LT thermostat operation model

pl=Controller.inputvalue(1)

preq = 273.15 + 55
diff = pl-preq
percent = diff/15

If(pl => 70+273.15) Then
Controller.outputvalue = 0

End if

If(pl < 70+273.15) Then

Controller.outputvalue = 1-1*percent

End If

If(pl < preq) Then

Il
—_

Controller.outputvalue

End If
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Table 3.3 Cooling circuit piping data

Inner Total
Index
Part Name Material Diameter| Length
No.
(mm) (mm)
1 Water Inlet Pipe(to Crankcase) | AL Casting 735 430
2 Coolant Pipe(to HT CAC, R/H)| AL Casting 31 695
3 Coolant Connection Pipe AL Casting 53 230
4 | Coolant Pipe(to HT CAC, L/H)| AL Casting 31 210
5 Coolant Connection Pipe Steel 31 50
Coolant Pipe
6 AL Casting 31 440
(from HT CAC, L/H)
Water Outlet Pipe
7 AL Casting 84 510
(to Crankcase)
Coolant return pipe
8 AL Casting 84 660
(from HT Rad)
Coolant return pipe
9 AL Casting 84 1500
(inside Oil tank)
Water Inlet pipe
10 AL Casting 84 30
(to Water pump)
AL
11 Coolant Pipe(to LT Rad) 43 700
Casting +Steel
AL
12 Coolant Pipe(from LT Rad) 43 650
Casting +Steel
AL
13 Coolant Pipe(to LT CAC) 31 230
Casting +Steel
AL
14 Coolant Pipe(from LT CAC) 31 460
Casting +Steel
15 Coolant Pipe(to Oil cooler) AL Casting 43 660
16 |Coolant Pipe(to T/M Oil cooler)| AL Casting 43 600
17 Coolant return pipe AL Casting 43 825
Water Inlet pipe
18 AL Casting 53 380
(to Water pump)
19 - - - -
Water feed pipe
20 Steel 12 120
(from Expansion tank)
21 Air vent Pipe(Radiator) Steel 12 1330
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Table 3.4 Design specification of power pack cooling system

components (rated coolant flow rate = 70.2 m’/h)

] W5 | g AusL | Jrem
e (m’/h) (kPa) (kW) (°C)
Engine 43.2 50 265 100.0

CAC_HT_A 6.0 58 75 100.0
CAC_HT_B 6.0 58 75 100.0
RAD_HT_A 276 90 -202 107.5
RAD_HT_B 276 90 -202 107.5
NRV_HT 55.2 12 100.5
RAD_LT_A 75 108 -159 100.0
RAD_LT_ B 75 108 -159 100.0
Fuel Cooler 15.0 54 7 80.0
CAC_LT_A 75 80 40 80.5
CAC_LT B 75 80 40 80.5
E. Oil Cooler 15.0 50 125 85.5
T Oil Cooler 15.0 60 100 93.5
NRV_LT 15.0 6 100.5
Pump 70.2 100.5
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Fig. 3.3 Illustration of coolant flow rate change by high temperature

thermostat operation
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Fig. 3.4 Illustration of coolant flow rate change by low temperature

thermostat operation
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Fig. 3.5 Illustrative view of thermostat internals
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Fig. 3.6 Thermostat operation principle
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Effectiveness<=

Fig. 3.9 Effectiveness map for HT radiator as a function of coolant

and air flow rates

Effectiveness<>

Fig. 3.10 Effectiveness map for LT radiator as a function of coolant

and air flow rates
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Effectiveness<>

3.11 Effectiveness map for HT charge air cooler as a function of

coolant and charge air flow rates
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Effectiveness<>
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3.12 Effectiveness map for LT charge air cooler as a function of

coolant and charge air flow rates
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Table 4.1 Comparison of calculated coolant flow rate and pressure

drop to design values

g A | WAFFmY/h) | % Aol | 4HEA(kPa) | % ol
Engine 44.48 2.87 53.07 5.79
CAC_HT_A 5.31 -12.94 45.73 -26.84
CAC_HT_B 5.40 -11.21 47.14 -23.03
RAD_HT_A 27.66 0.23 89.61 -0.43
RAD_HT_B 27.66 0.23 89.61 -0.43
RAD_LT_A 7.41 -1.28 103.69 -4.16
RAD_LT_B 7.41 =1.28 103.69 -4.16
Fuel Cooler 14.62 -2.62 51.18 -5.51
CAC_LT_A 7.26 -3.24 75.14 -6.47
CAC_LT_B 7.35 -1.97 76.96 -3.94
E. Oil Cooler 14.68 -2.20 47.98 -4.21
T. Oil Cooler 14.77 -1.58 58.23 -3.04
NRV_HT 55.34 0.25 6.06 -97.96
NRV_LT 14.57 -2.95 6.26 4.16
Pump 70.18 -0.03 385.02
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Table 4.2 Comparison of calculated heat rate and coolant

temperature to design values

inlet

kS | QugFEW) | % Aol | dF2= (T) | % Ao
Engine 265 0.00 100.26 0.26
CAC_HT_A 70.23 -6.80 100.51 0.51
CAC_HT_B 70.22 -6.81 100.51 0.51
RAD_HT_A -209.49 3.57 108.17 0.62
RAD_HT_B ~209.49 3.57 108.17 0.62
RAD_LT_A -160.70 1.06 101.27 1.25
RAD_LT_B -160.70 1.06 101.27 1.25
Fuel Cooler ! 0.00 79.42 -0.74
CAC_LT_A 37.97 -5.34 80.15 -0.43
CAC_LT_B 37.98 -5.32 80.15 -0.43
E. Oil Cooler 125 0.00 85.60 0.12
T. Oil Cooler 100 0.00 93.51 0.02
pump 100.44 0.44
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Table 4.3 Variation of coolant flow rate at different ambient

temperatures

o
[}

x
x
>
o2

44C | 22T 0C |-16T | -32T

O:

Wzte &3 (m’/h) | (m’h) | (m*/h) | (m*/h) | (m*/h) | (m*/h)

Engine 43.20 | 44.48 | 45.80 | 47.34 | 48.10 | 48.56
CAC_HT_A 6.00 5.31 549 | 570 | 580 | 586
CAC_HT_B 6.00 540 | 555 | 574 | 584 | 5.89

RAD_HT_A 2760 | 2766 | 19.19 | 598 | 3.05 | 0.00

RAD_HT_B 2760 | 2766 | 19.19 | 598 | 3.05 | 0.00
NRV_HT 55.20 | 55.34 | 57.01 | 59.02 | 60.03 | 60.66
RAD_LT_A 7.50 7.41 7.33 7.26 7.22 7.20
RAD_LT_B 7.50 7.41 7.33 7.26 7.22 7.20
Fuel Cooler 15.00 | 14.62 | 1447 | 1426 | 14.13 | 14.04
CAC_LT_A 7.50 7.26 7.19 7.09 7.02 6.97
CAC_LT_B 7.50 735 | 728 | 718 | 711 7.07

E. Oil Cooler 15.00 | 14.68 | 1452 | 14.31 | 14.17 | 14.08

T. Oil Cooler 15.00 | 14.77 | 1460 | 14.38 | 14.25 | 14.15

NRV_LT 15.00 | 14.57 | 1467 | 1445 | 14.31 | 14.21
Pump 70.20 | 70.18 | 71.67 | 73.46 | 74.33 | 74.86
E.Tank 0.18 0.31 0.31 0.30 | 0.30 | 0.29
RAD_HT (by pass) 0.00 | 1859 | 46.93 | 53.72 | 60.37
RAD_LT(by pass) 0.00 | 0.00 | 0.00 | 0.00 | 0.00
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Table 4.4 Variation of coolant pressure drop at different ambient

temperatures
k& = AAALSE | 447TC 22T 0T -16TC | -327T
e (kPa) (kPa) | (kPa) | (kPa) | (kPa) | (kPa)
Engine 50.00 53.07 | 57.30 | 61.27 | 63.20 | 64.44

CAC_HT_A 58.00 4573 | 49.72 | 53.52 | 55.36 | 56.54

CAC_HT_B 58.00 4714 | 50.88 | 54.41 | 56.11 | 57.20

RAD_HT_A 90.00 89.61 | 41.65 | 0.99 1.10 0.00

RAD_HT_B 90.00 8961 | 4165 | 0.99 1.10 0.00

NRV_HT 6.00 6.06 6.43 6.81 7.01 7.14

RAD_LT_A 108.00 | 103.69 | 103.09 | 100.90 | 99.73 | 98.99

RAD_LT_B 108.00 | 103.69 | 103.09 | 100.90 | 99.73 | 98.99

Fuel Cooler 54.00 51.18 | 50.84 | 49.65 | 48.99 | 48.55

CAC_LT_A 80.00 75.14 | 7465 | 72.87 | 71.87 | 71.18

CAC_LT_B 80.00 76.96 | 76.54 | 7477 | 73.80 | 73.15

E. Oil Cooler 50.00 4798 | 4768 | 46.55 | 4591 | 45.49

T. Oil Cooler 60.00 08.23 | 57.84 | 56.45 | 55.68 | 55.15

NRV_LT 6.00 6.26 6.26 6.17 6.13 6.11

Pump 385.02 | 384.02 | 376.53 | 372.41 | 369.96
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Table 4.5 Variation of heat rate at different ambient temperatures

3 = AAALF| 44T 22T 0cC -16C | -32TC

A gk (KW) | (KW) | (KW) | (KW) | (KW) | (KW)

Engine 265.00 | 265.00 | 265.00 | 265.00 | 265.00 | 265.00
CAC_HT_A | 75.00 70.23 | 6240 | 4563 | 32.35 | 19.10
CAC_HT_B | 75.00 70.22 | 6239 | 4562 | 3234 | 19.09
RAD_HT_A | -202.00 | -209.49 | -188.18 | -128.13 | -71.35 | -0.12
RAD_HT_B | =202.00 | -209.49 | -188.18 | -128.13 | -71.35 | -0.12
RAD_LT_A | -159.00 | -160.70 | -161.62 | -210.33 | -252.64 | -289.31
RAD_LT_B | -159.00 | -160.70 | -161.62 | -210.33 | -252.64 | -289.31
Fuel Cooler 7.00 7.00 7.00 7.00 7.00 7.00
CAC_LT_A | 40.00 3797 | 3570 | 34.12 | 3347 | 32.77
CAC_LT_B 40.00 3798 | 3571 | 34.11 | 3348 | 32.77
E. Oil Cooler | 125.00 | 125.00 | 125.00 | 125.00 | 125.00 | 125.00
T. Oil Cooler | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
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Table 4.6 Variation of coolant inlet temperature at different ambient

temperatures

kS

ot

AAALF| 447 22T 0C -16C | -32TC

AT 2= (C) (C) (C) (C) (C) (C)

Engine 100.00 | 100.26 | 79.44 | 75.24 | T74.61 73.82

CAC_HT_A | 100.00 | 100.51 | 79.43 75.23 7459 | 73.80

CAC_HT_B | 100.00 | 100.51 | 79.46 | 7524 | 74.61 73.82

RAD_HT_A | 107.50 | 108.17 | 86.39 | 81.14 | 80.07 | 78.88

RAD_HT_B | 10750 | 108.17 | 86.39 | 81.14 | 80.07 | 78.88

RAD_LT_A | 100.00 | 101.27 | 79.55 75.19 74.52 73.75

RAD_LT_B | 100.00 | 7942 | 7955 | 7519 | 7452 | 73.75

Fuel Cooler | 30.00 80.15 | 57.85 | 46.71 40.11 33.11

CAC_LT_A | 80.50 80.15 | 5834 | 47.29 | 4056 | 33.59

CAC_LT_B | &80.50 85.60 | 5834 | 4729 | 4056 | 33.59

E. Oil Cooler| 85.50 93.51 63.32 5250 | 4525 | 38.28

T. Oil Cooler| 93.50 | 100.44 | 71.88 | 60.75 | 53.94 | 47.12

pump 100.00 | 100.14 | 79.39 75.25 74.62 73.84
NRV_HT 101.27 | 79.65 77.12 77.92 78.46
NRV_LT 100.69 | 78.53 67.63 60.82 54.17
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Table 4.7 Variation of charge air temperature at different ambient

temperatures
7| e | dFe72% Inlet HT Exit LT Exit
Casel 44°C 230 138.6 88.8
Case2 22T 195 113.5 66.5
Case3 0cC 160 100.0 55.1
Case4 -16TC 134.8 92.3 48.2
Cased -3 109.4 84.3 41.1

Table 4.8 Variation of thermostat bypass flow rates at different

ambient temperatures

W7k g AA g | TUOE N RsE we
(m/h) | /D) e |y | was] | who)u)
44C 70.18 55.32 0.00 14.81 0.00
22°C 71.67 38.37 18.59 14.67 0.00
0C 73.46 11.96 46.93 14.17 0.00
-16TC 74.33 6.09 53.72 14.04 0.00
-32TC 74.86 0.01 60.37 13.95 0.00
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Table 4.9 Variation of circuit coolant flow rate at different ambient

temperatures

Qs Y A
(m’/h) 44c | 22¢C 0C -16C | -32C
Total 7018 | 7167 | 73.46 74.33 74.86
HT 5517 | 5684 | 5879 50.74 60.32
LT 1500 | 1484 | 1468 14.59 1455
Engine 4448 | 4580 | 4734 48.10 4856
CAC_HT_A {531 5.49 5.70 5.80 5.86

Table 4.10 Variation of pump suction pressure at different expansion

tank pressurization level

v Sy dT W
(kPa) (kPa)
0 70.8
50 110.1
100 149.4
150 188.7
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. Charge Air Temperature
230°C

44°C

Ambient Air Temperature

Fig. 4.1 Range of operating temperature of cooling circuit fluids
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