HEAT PIPE HEAT EXCHANGER DESIGN

6.1 Theory of Heat Exchanger RaSigd »m Performance of Single Heat

Pipe
The problem type - . changer design may be
divided into two catagF g lyimg -' mpating and the sizing

problem. The rating pryg Ehance of a specified or

existing design. The hg Pectiveness of the heat

exchanger are predictegl (% Nfications of the core

geometry, the flow rait? S e B id temperatures. While

the sizing problem is ti --\ problem, which aims to

——

fulfill the desired heat t W and exchanger effectiveness

dictated by given {okil : : £ |flow rates and the

81 =

entering and leaving™t§

|

There are two ain approaches fur predi®™ing the heat transfer

performance oﬁﬂ mﬂﬁﬂﬁwzli]‘ﬂﬁm phase closed

thermosyphons orfjheat pipe

'srm‘wlmﬂmw T
estimates §he heat transfer coefficients involv gn each step of the
transfer process. The rate equation and the principle of energy
balance are required in the analysis. The method is applicable to
exchangers made of heat pipes as well as two-phase closed
thermosyphons (46, 47,).

The second method is based on the development made by Kays and

London (48). It uses the effectiveness number of transfer unit as
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applied to the liquid-coupled indirect-type heat exchanger. Here, the
thermosyphons or heat pipes in the heat exchanger core are considered
as a pumped fluid loop that couples the hot side and cold side. (49,

50)

Qt » (6.1)
where Q = hof the heat exchanger
QP = single heat pipe
U = cefficient of the heat
At = od jhe heat exchanger
% Y
4T = TN ot oace

Thir Tho = the inlet and outlet temperatures of the hot fluid
stream, respectively (°C)

T T

co ™ the inlet and outlet temperatures of the cold fluid

cir

stream, respectively (°C)
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The heat transfer rate of a single heat pipe is calculated
using the equations presented in Chapter 3. The film heat transfer
coefficients of the outer surface of the pipe are estimated using the
following standard correlations for the fluid flow normal to a tube

bank or rod bundle.

(6.2)

Here B and m are funct: v"-‘j'7xu_f“~-;; and transverse pitch

ratios, C. is a correciy atry and the number of

rows in the tube bank,

The overall heagh {5 g ,f_¥ ‘ n 5}‘-10 the heat exchanger

based on the total out YA '},'ﬂz-es are expressed as
follows:
1 = - 1
Uohot 'iQ iht ichict
ﬂﬂt—fﬁ’ﬁ—ﬂﬂ?ﬂ%’m‘i o
oc uct

BonBont 27k I'ht hipAine hichict

+ Ay 1n irnfri} + ALt (6.4)

2Tk Loy hoe Aoet
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u = the overall heat transfer coefficients of the heat
exchanger based on the total outside area of heat
pipe (Watt/m?)

U = total outside area of heat pipe {mzi

luht' hoct = total outside area of the evaporator and condenser

sections of hegpfk pipes, respectively.
Biner Mot = he evaporator and condenser
Lppe Loe = o, e “tMeeand condenser sections,
k e container material
6.1.2 BRAnalysis Bi#fe Lrer 9% tber of Transfer Unit
In this methlOd =t heat exchanger is considered

to be a liquid-cougled ﬂ'c}, ger, with the heat
pipes providing thugﬁ Ry

M} Evaporator

i

-y

A U TIEE WA

RAAISRIEANPIAE

fluid

/ T

— c
Tco f cl
Zi______ Condenser

Figure 6.1 Liquid-coupled indirect type heat exchanger model




122

As shown in Figure 6.1, the hot fluid stream which has the
inlet temperature Thir transfers heat to the heat pipe and its outlet
temperature becomes Ty ,. The heat causes the working fluid of the heat
pipe, which has temperature T;,, to vaporize at the temperature Tyq-

The wvapor flows to the condenser section, releases the heat at the

. The heat released from the

tenperature of cold fluid

--“&H_ case of heat-pipe heat

temperature T, to the cnld
condensation of the workis
stream to increase tr-.iv
exchangers, the vapor ki ibd may be considered to
be isothermal, so Tl'

The assumptiﬂﬁ- “°n ;5 follows:
1. Isothermal o x*&hor phase inside the
heat pipes, the tempers 1 S ion temperature of the
working fluid Tg-

2. Axial heat con Ffff_E the heat pipe wall is
negligible. i

The effactiv defined as

Effect neneﬂ u Wﬂﬂ ﬁ\:e}

11
(maximum pussihle heat transfer rate from one

Qﬁﬁﬁ\iﬁmﬁﬁ’ﬁﬂmﬁﬂ

= Q {6.5)
gﬂ.ax

Since = {mC..) {Thi_Tci:' {6.6)

Qnax p’min

Q = E ':l'lcp.:'nin {Thi_Tﬁi] (6.7)
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E = Q (6.8)

{u{'.‘p ) min {Thi'Tci )

Q = WpCpp (Thi~Tho) = BeCphe(Teo=Tei!) (6.9)

into (6.10) yields.

Substitution of equatigpill i=

(6.10)
(6.11)

whqre Ch = mhcph : Cc =

The number of heatlf for the heat exchanger is

9
J

defined as:

-
-

!
)

NTU AU

for evaporator

av

AUt Menineng
QY WEN e TR .

has the value :

Hrﬂh = Uphy for the evaporator
Cn

HTUc = uchc for the condenser
o
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It is possible to have two working conditions, that is, Co >Ch
or Cp: 3. C4s
a) Consider an operation with C, > Cy
The effectiveness of heat transfer for the evaporator is
E, = i~Tho! / (Thy=Tg) (6.14)
Similarly, the & ] ‘ ‘;‘;z;ien5er is
Eq
(6.15)
From equations {; an be written as
T  h;___;;f___f' (6.16)
Tc~ B tré;'Tc11fnc
ﬂ‘NEI’JVIEIW’iWEI’]ﬂ‘J'
The overglil ettecti?eness is def1ned as:
ama\mmumwmaﬂ
: TeoTei! (6.17)

Ch

= (Thi~Thol /(Thi=Tes!

From equations (6.16) and (6.17), the overall effectiveness of

a single row of heat pipes can be deduced as:
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E = 1 (6.18)

E (6.19)
Equations (6.1% jalized as:
E (6.20)

where Epin and Ema V

o

fluid stream with

minimum and maximum I™t capacities, respective¥™. It is convenient to

e AUEINENINYINS
ARTAINTHUM NN

When the actual heat exchanger has 'N' rows of heat pipes as
shown in Figure 6.2, the heat pipe heat exchanger can be considered as
'N' heat exchangers in series. The analysis for 'N' heat exchangers in

series given by Kays and London is used here. Using the equilibrium
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line approach, the overall effectiveness for a heat-pipe heat
exchanger with 'N' rows and counter-current flow can be calculated as

follows:

{(6.21)
(6.22)
HOT GAS
—
B ——
q E E E E COLD GA=S
1 2 3 £ GRS

Figure 6.2 Schematic diagram of heat pipe heat exchanger with

'N' rows of pipes.
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6.2 Design Procedure and Example of Calculations

6.2.1 Conditions Used in Heat Exchanger Design

In this section, the details of calculations made to size a

heat exchanger will be shown under the following specified conditions.

1. The heat exchange d to recover the cold energy

from the ventilated air o - }ditiuning system.

2. The air ¥H_;£;fnlinq load about 10
refrigeration tons. ' wis 0.5, that is the
cooling load consists load and 5 tons of
latent heat load.

3. The heat & 10% of the sensible

heat, or 0.5 toms.

4. The temperat ic) air is 30°C, whereas

5. Number 3 4S80 ENahs

\Z

]
11

6.2.2 Design Pro‘“-ure

*ﬁ“ﬁmﬂﬂwwmwes o ae o
Wﬂrm S A INYa Y

@. Assume the value of the overall heat transfer coefficient.

4. Calculate the required heat transfer area and the
required number of finned heat pipes.

5. Determine the heat pipe alignment in the heat exchanger
and choose the type of fin to use.

6. Estimate the overall heat transfer coefficient using the

empirical correlations obtained in the present work.
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7. Compare the value of the overall heat transfer
coefficient to that assumed in 3. Repeat steps 4 through 6 if the
calculated value in 6 is less than, or much higher than, that assumed
in 3.

8. The pressure drop in the designed heat exchanger must be

less than the specified va ample, 20 mm. Hy0. Otherwise,

repeat the calculation £
6.2.3 Example of Ha

1. OQutlet | ir and fresh air

The proper, Whr and fresh wir aré

specified as follows.

Properties Ventilated air Fresh air

P S— -
(7 Y]

.
i‘w

dry bulb temperatur .0 30.0

wet bulb tanpurature C] 26.0
s et 1901 391 2191 S El']ﬂ’i "
absolute humidi®l (kg steam/kg dry air) 0.012 0.02
e g mawﬂmum'mma goo
humid volufje {n /kg dry air) 0.86 0.88&3

Estimate the room size from the air-conditioning capacity
by using the following basis
cooling load : 400 Btu/hr per unit area of room
floor area of room = 10 x 12,000 = 300 m?

—_—

400
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Assume that the height of the room is 3.5 m.

So the volume will be 3.5 x 300 = 1,050 m3

Since number of air change is 2.5 times per hour, the wvolumetric
flow rate of ventilated air = 2.5%x1,050 = 2,625 m/hr

mass flow rate of ventilated air = 2,625 = 3,052 kg dry air /hr

By assuming that there MW" the room, the flow rate
of fresh air also equal I -Exﬁaﬂ-dﬂ kg dry air /hr
the volumetric f£low 7/ = W0 x 0.883

&0 n/hr

Q =

where Q = . - Ofy T ] Btu/hr
cpe =
B, = kg dry air/hr

mﬁuﬁ MENINENNS., .
WIHIN TN INGIAE

outlet temperature of ventilated air = 25 + 2.52 s 27.5 o

outlet temperature of fresh air = 30 - 2.48 = 27.5 ©9¢
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2. ATy of heat exchanger

ATy = (Tpi = Teg) = (Tho ~ Tei

In (T = Tag)

(The - Tci}

0.5 [ ATy + AT4]

= 2.5

3. Estimate coefficient U of a
single heat pipe

Calculate U, &N hout fin by using the
following equation.

1 = 1 + 1n (D,/B8 , +1n (D /Dy) + 1

Ua bondon 2TkLy, ie 2 T kL, hockoe

Since ‘-y'. J

exchanger are not
Ly - — ;
yet known, it may be ss\med that the nuter fifm coefficient is the

same as that ﬂﬁﬂzﬁ: Tﬂﬁqmer and can be

calculated by us§pg

qmmnmum?nmaﬂ

equat1nn

For ventilated air, let the air welocity = 3 m/s

G = {1+H)u

Vu
= (140.012) (3x3,3600)
0.86
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= 12,700 kg/m%.hr

=  1.853 x 10>  kg/m.s
c. = 1.005 kJ/kg °c
k = 2.614 x 1072 W/m.°C

Re = GD = (12,700) (9.52 x 10~ 4

x 1072) (3,600)

Wi, 1,812.4)2/37(0.712)0-4

" 20
;Y 62.19 W/m

For fresh air

(1+0. uz]tixa 600)

ﬂﬂﬂ?ﬂﬁﬂiWﬂﬂﬂﬁ

1,781

Pr (1,005) (1.853 x 1077)

2.614 x 1072
0.712

Nu = [(0.4)(1,781)%-5 + (0.06) (1,781)2/37(0.712)0-4

= 22.432



132

h'op =  (22.432)(2.614 x 107%) =  61.59 w/m?°

9.52 x 1073

Calculate the effective heat transfer area of ocuter surface
The total heat pipe length = 90 cm.

Since the evaporator and condenser length are equal

so the effective length =NVHP J 42 = 42 ecnm.

——

outer surface area of t¥

Atube yr r

A 1073) (0.42)

=

let the fin area is 10,

lfin
If the fin thickness is of fins on each side is
132, the effective area of ege

A’ (142K

£073)1 + (0.126) (0.9)
Y

o]

"““ﬂ“mmﬂmwmn‘:wn it

evaporator sactzq

Q‘ﬂﬂﬁ\‘lﬂ‘iﬂmm‘mﬂ"lﬁﬂ

28.75
2
Twhi = Tn = Q@ - Q1n(D,/Dy)
L 2 1L,

27.5771 ¢
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=t = °

Tpe 25 + 27.5 26.25 ©°c
2
Tog = W % 8 +  Qln(D,/D;) = 27.411 °C
I 2 TkL,

= s a

= Tyni * Tyei 27.5 °©¢
2 \| /]

=-r

H}Hk
1 1 ;_;_ P

—

o
[=H
=
]
I'_|

0 = W/ml
Cp = 905

A = 153,024

n - s.dusxm':‘_

P e y

PU = !' ‘

é = 1.e88x107% . L

* :ﬂﬂiﬁwﬂmmﬂmm
QW’] ANNIAUUAANYNNY

(153,024) (6.019)1-7(7.021x1073)
[ 1 I 1.868x10 2 -0.962

{ﬁ.lﬂﬂxlﬂ-dlllﬁi,EEE} J{B.B}IIESB—S.EHJJ

= 2,949 w/m? %



134

Calculate inner heat transfer coefficient of the condenser
section.
hie = € [ gple-ryaxd |C

¢
MATg = Tyog) Le
where C, = 1.705x10”%

Cqy = 0.744

hi. = 1.705x10° ¢ [(9.8)

ic WIS (153,024) (0.0964) 3| 0-744

1) (0.42)

hj. = 55,793

Thus the overall heat single heat pipe

1 = 1

(UA),  (61.59) (0.1247

1

49) (1) (8.7x1073) (0.42)

+ 1 8.7} + 1

(55,793) (7 (8. ) (0.42) (62.19) (0.1247)

= 0.29
(UA), = 3.45 W/°CH
Q = UAAT ‘!vf, eflatt

i 10 mﬂﬁﬂﬂmwmﬂ £

eat transfer rate

AWIaN ﬂ??ﬂ'ﬁ'ﬁ“]‘ﬁ N e
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5. Heat pipe alignment and fin characteristics.
cross-sectional area of air flow = 45x42
pipe arrangement : staggered

pipe pitch , Sqo = 2.54 cm.

= 2.2 cm.

fin thickness
fin pitch

number of #a

=T i ¥ o i A
2 W 3 2.54 cm.
Weon D

!‘:“‘

¥

qusnemingons
Y, N VAP

number of heat pipe in first row = 45/2.54 = 17

number of heat pipe in second row = 16
the heat exchanger consists of 6 rows of 17 heat pipes

and 6 rows of 16 heat pipes

Total number of heat pipes = 198

cm
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D, = 4(net free wolume)/heat transfer surface

net free volume

(0.45) (0.42) (0.27) - (198) (7/4) (9.52x107>)2(0.42-
132x0.33x1073) - (132) (0.45) (0.33x10™3) (0.27)
= 0.05103 - 5.305%10°3 - 5.293x10™3

= 0.0404

heat transfer surface = (198 1u'3}10.42*1323Di33x10;3} +

R22) - (7/4) (9.52x103) 2

0.42-132x0.33x1073) -

Apin =

For fresh air

FI‘I{EI’JVIEWI’J’WEI’]ﬂ’i
Q%W’]Qﬁﬂ‘ifuﬂﬁ'nﬂmﬁﬂ

0.02) (2,440

3,600
= 0.691 kg/s
Gpax = 0.691 = 6.369 kg/m’.s

0.1085



137

0.060 I
I n HH T g 1
. 004 i
0.030 =p=f = 0003 s
= 0| 25
o L
cter Oy = 03613 cm
o010 e o areajfrontal area, o = 0.5347
= olal volume = 587 m?/m! =
-
= 0,008
&
S 0.006
s -
h"'H.._“H
0.004
03 60 &80 100

W actolllor £low ackoss plate-

Figure 6.4 Heat tr sfer

ﬁ“ﬂﬁfﬁ“m*ﬁ‘w 5119
qmammummmaﬂ

I = 1.853x107°  kg/m.s

D, = 5.830x107° m.

Re, = (6.369)(5.830x1077)
1.853x107°

= 2,004
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From Figure 6.4
ster2/3 = o0.008

st = h i Pro= Cpp

h = (0.008)(6.369) (1,005) 2.614x1072 2/3

|(1005) (1.853x107%)

-4

oh

hnh =

e

hnh

For wentilated air

Cpax =

m

Y J
Y _;f‘efs
~/ 3 600

e ﬂﬁ%}’mﬂlﬂ‘imﬁﬂ‘i
ARV IR RNy

1.853x10

steré/3 = o0.008

h = (0.008)(6.323) (1,005) 2.614x%1072 2/3

(1,005) (1.853%x107°)

h = 63.73 W/ml.%
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0.0035 m2.%/W

=
(=]
n

l e Ry X = 0.00035 + 0.0157

h
h 62.31 W/m2.°
Qc

h

" h.ﬂ('.'

Calculate fin eficiency
dg

-

9.52x107°  m.
4.76x107°  m.

BN 7541072 .

it 7y NN N 0127 m.

N\ ME )”'55

.33x107%2 .

Thermal conductivity of fl = 204 W/m.°C

fin thickness (t) .L?

oL ?{; jf‘

f ua"mzrﬂ%’wwr*ﬁ:?:: .
qmmnﬁmummmaa

fin -

tanh(0.367)
0.367

= 0.9
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6. Calculate the overall heat transfer coefficient of the

heat exchanger

7
1 = EE: Ry
Rl = 1

Ay = . 42-132x0.33x1077) +
- -3,2
N 4
H'za ’ -4 o
Ry I o670 cIW
v l",!l %

2 T(386) (0.42) (198)

A

W

h
AUy
L] (2,949) () (8.7x10">) (0.42) (198)

AN TENTINYAE

35 = 1

ihtint

o

hichict
= 1

(55,793) (7) (8.7x1073) (0.42) (198)
7.886x10° %  %c/w
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R? = 1

A

hoc oct

= 1 = 6.011x10"% O¢csw

(62.31) (26.698)

(UR) ,

(UR) .

ot W/n?.c

7. Calculatif he heat exchanger

Dg

olih . 52x1073)2 (0. 42-

Bx1074) (132)

net free volume "_;

Ly
= o%'0404

friction surfaﬁll uzﬁiﬁ’Wﬂﬂgﬂﬂ'fﬁT .33%1073)] +

2) (132) (198) [(0.0254) (0.022) - (7/4) (9.52x1073)2] +

ARSI YT

D, = (4)(0.0404) = 5.733x107° .
28.188
for fresh air, Gy, = 6.369 kg/m?.s
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Re = (6.369)(5.733x1073) = 1,970

1.853x107°
From Figure 6.4
f = 0.025

AP =  f£6°1

Apin

AP

= YNINYINT
From t!} previous calculat1nns, it can be cnncluded as

o RIAINTUNAIINYINY

a.QThe designed heat exchanger has the dimensions as shown in
Figure 6.5

b. The heat exchanger consists of 12 rows of heat pipe with 6
rows of 17 heat pipes and 6 rows of 16 heat pipes in each row, and the
total number of heat pipes are 198. The pipe arrangement is of
staggered type, which has a transverse pitch of 2.54 cm. and

longitudinal pitch of 2.2 cm.
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c. The heat pipes are made of 90-cm.-long copper tube, 9.52
mm. in outside diameter, and use Freon-113 as the working fluid.

d. The inlet and outlet temperatures of ventilated air are 25
and 27.5 °C, whereas those of fresh air are 30 and 27.5 °c,
respectively. The flow of the fluid are counter flow with respect to

one another.

e. The heat excl-‘ L .5 refrigeration tons of
. verall heat transfer
coefficient of about 27 s/ ™e. total outside bare tube

area.

Ventilated air in

Ventilated air out

(1) | — -
AUBRNg! 3
| ¢ =
TN IUEAINEGE
£ / resh air out
g P
e
Fresh air in 4 K
| ]
' 45 cm. :

Figurs 6.5 Dimensions of designed heat exchanger
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From the previous calculations, it can be seen that the heat
resistances of the outer surface are much larger than the internal
resistances. This means that the controlling mechanism is the
mechanism of heat transfer from the air to the bundle of heat pipes,.
instead of the internal mechanism, Hence the resulting overall heat

transfer coefficient is very

In the step of overall heat transfer

coefficient, an iteradsmees hg;;:fil;euplcyed because the
saturated temperature, BNge.nake the calculation
easier, a computer the heat transfer
resistances and the ny has been coded. The

flow chart of the progry

AULINENINYINS
ARIANTAUNNINGIAY
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Figure 6.6 Flow chart of program for calculating heat resistances and

the required number of heat pipes
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