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Abstract

Waste heat recovery is very important, because not only it reduces the expenditure of heat
generation, but also it is of high priority in environmental consideration, such as reduction in
greenhouse gases. One of the devices is used in waste heat recovery is thermosyphon heat
exchanger (THE). In this paper, theoretical research has been carried out to investigate the
thermal performance of an air to air thermosyphon heat exchanger. This purpose is done by
solving simultaneous principles equations. It was found that with implementation of targeted
subsides plan in Islamic Republic of Iran, saving in gas oil consumption is very considerable
by using this device.
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1. Introduction

The thermosyphon heat exchanger is one of the attractive devices used in waste heat recovery
because of its high effectiveness in heat transfer and other special features [1] Various
attempts to predict the performance of thermosyphon heat exchanger (THE) have been
proposed [2-3] Pollution depends on energy consumption. Today the world daily oil
consumption is 76 million barrels. Despite the well-known consequences of fossil fuel
combustion on the environment, this is expected to increase to 123 million barrels per day by
the year 2025 [4] A heat pipe consist of tube with a small amount of working fluid, which is
in equilibrium with its own vapor sealed inside container (pipe wall and end caps), is a very
effective heat transfer device, which allows a very high rate of heat transfer in the process of
evaporation and condensation. In addition, heat pipe simple, cheap, and easy to construct
using small end-to-end temperature drops. It has an extremely wide temperature application
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range (4-3000K), and is an effective device that requires no external driving force other than
the temperature differences. THES have been used in many ways, in boilers, furnaces and
dryers, especially for energy recovery industry. Counter flow heat exchangers using
thermosyphons as shown in Fig. (1) can be made without constructional difficulties.
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Fig. 1: Schematic of THE
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2. Mathematical model description
The analysis of the heat transfer aspects of THE is based on the heat transfer rate equation
obtained by an energy balance of the heat exchanger:

Q=US(,-T.) 1)
There are two main approaches for designing of a THE:

1. The Log-mean temperature difference model (LMTD).
2. The effectiveness-number of transfer units model (e-NTU) [5, 6]

2.1. &-NTU Method
The e-NTU method is based on the heat exchanger effectiveness, &, which is defined as the
ratio of the actual heat transfer of a heat exchanger to the one that would have occurred in a
heat exchanger with infinite surface. The exit temperature of the low-temperature fluid would
equal the inlet temperature of the high-temperature fluid. Therefore, the effectiveness can be
defined as [7]:

Qn CelTumTrow) CelTeow —Temn)

‘" Qmax B Cmin (Th,in _Tc,in ) B Cmin (Th,in _Tc,in ) (2)

Applying conservation of energy, the general exponential function for a counter-flow heat
changer is [8]:
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_ut.At (1_ Cmin jj|
Cmin Cmax (3)

1— Cmin exp _ut.At 1— Cmin
Cmax Cmin Cmax

The ratio of % is defined as the number of transfer units:

min

1-exp

U,S
NTU =—-*— _t (4)

The Cnin and Crax are the minimum heat capacity and the maximum heat capacity of fluid
through the THE.

Cmin = (mC p )min (5)
C o = (MC p) ey (6)

And the C, and C; are the heat capacities of the fluid streams in evaporator and condenser
sections of the THE, respectively.

C, =(mC ), ()
C,=(mC ), (8)
c, (mC))

e 9)
e (mc,),

The heat capacity ratio of high- and low-temperature fluid streams (C¢/C,) is being used to
investigate thermal performance of THE. Therefore, the effectiveness can be obtained by the
following correlations:

g=w if C, <C, (10)
(Th,in _Tc,in )
g = Ce (Thn ~Thau) Jif C, >C, (11)

Cmin (Th,in _Tc,in )

heat capacity, ( gmi” ~0).

max

The effectiveness will be expressed as:

e=1-exp(-NTU) (12)
The effectiveness of evaporator and condenser sections of the THE can be defined as:
g =1-exp(-NTU), (13)
g =1-exp(-NTU), (14)
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Where:

u,.s, u,.S

c

NTU, = , NTU, =

e c

These correlations have been defined for a single row of pipes, while the effectiveness of a
THE with n rows of pipes is as follows:

6 =1-(1-¢,)" (15)

6 =1-(1-¢,)" (16)

At least overall effectiveness of THE is obtained by the following correlations [9]:

b= C,>C, (17)
L S,
+7
gcn gen
1 .
f=——g1F C, <C, (18)
L %,
+7

2-2. Determination of the overall heat transfer coefficient
To determine the overall heat transfer coefficient, the heat transfer can be modeled as a
thermal resistance network shown in Fig 2.

L=L+RfC+th+th+# (19)
us  (nhs), " (nohs),
1 1 1 D (20)
= + Inln| =%
(U (nOhS )h 27K, L, ,
21
R, = ! Ry n = 1 Inln& ( )
(no hs )h w27k, L, D,

In this research, it was assumed that fouling resistances due to corrosion or oxidation as well
as resistances terms which occurred due to heat transfer through the liquid saturated wick are
negligible. Therefore, for the condenser section, we have:

1 1 1 D
= Inl 0 22
u.s, (110hs)c+27rKWLC n n[DJ ( )
1 1 D
R, = R, .= Inl 0 23
T hs), e T 2K, L ”LDJ 23)
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Fig 2. Thermal resistance network of a THE
h:section evaporator and c: section condenser

3. Calculation of Heat Transfer Limits

Although heat pipes are very efficient heat transfer devices, there are various parameters that
put limitation and constraints on the steady and transient operation of heat pipes. These
limitations determine the maximum heat transfer rate, which must be examined for working
fluid

3.1. Sonic Limit:
Sonic limit was computed using expressions reported by Dunn and Reay [10]:

_ YR,T, (24)
QC,QO pvhngv 2(7/ +1)
3.2. Flooding Limit:

The flooding limit was evaluated based on a correlation based on a correlation proposed by
Faghri [11]:

Qoo = KU*hngcmss [ag(p. 'PV)]% XI:PV-% +pl-% :| (25)

0.14 2
Ku* = [ﬂj tanh? (Bo)% (26)

3.3. Boiling Limit
The boiling limit was evaluated based on a correlation based on a correlation proposed by
Gorbis & savchenkov [12]:

%:c2 [o.4+o.006Di a(p, -pv)/c] ’ (27)

Q... = 0.142A, Jp, [g0 (o, -p)]* (28)
0.44 0.55

C= 0.538£%J x(%j yo 1 y<0.35 (29)
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D 0.44 D 0.55
C= 3'5{L_ij x [L_IJ el y>0.35 (30)

3.4. Dry-out Limit
The dry-out limit was evaluated based on an improved Cohen and Baylay model [13]:

- 2D,
[Qc,go )Jl:Gg(M 'Pv)} " = A opi Ae)
Py Py 3uLe{/ogpi (pr-py)
(31)
3 3
\Y Ve/ M/ )Py
X %Dc x (X/t)( %/e) (A)
2
og st +Cop )+ 1Py
4. Results and Discussion
The physical dimensions of simulated THE in heat recovery unit are shown in table (1). The

effects of various parameters on thermal performance of a THE have been investigated,
theoretically. The following results have obtained.

Tablel. Specifications of THE

Number Total Material Physical dmﬁlsiiln
Fin Configuration | of heat | number of | &workin dimension of -
pipe row| heat pipe g fluid HPHE pipe
) 1.6732
Stainless
steel plate In-line ﬁhig?r:;)
thickness| St=0.0508 N =2 Stainless | 0.4 (Length) X diameter
0.03m mm L [ Nwpw=NtxN_|  steel 0.4 (Width) X
. _ N+=8 . ; 0.0395m
Density | S, =0.04/N_ Ammonia | 0.8366 (Height) | o iside
300 mm diameter
fin/m 0.042 m

4.1. Calculation of Heat Transfer limits
Optimum number of tube in length is 4, the limits are calculated.

Table2. Value Heat transfer limits (N; = 4)

Heat transfer limits Value (Watt)
sonic 1.6x10°
flooding 1.36x10"
boiling 3.83x10"
the input heat 7.3x10°

The input heat (6.06x10° w) is lower than of the heat transfer limits, the thermosyphon
operates without any problem.
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Q, =m'AT,C,, (32)

4.2. Optimum Effectiveness
By solving equations 1 to 21, we can find the heat transfer efficiency factor (g). Figure (3)
show that the changes coefficient of performance relative to the number of tube rows.
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Fig 3: Effectiveness respect to number of row of bundle tube

4.3. Savings in energy consumption before/after targeted subsidies plan
The amount of saving in energy consumption is shown that in figure (4). With the

implementation of targeted subsidies plan, Four times the savings can be achieved.
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Fig 4: Savings in energy consumption for 9 month to number of row of bundle tube
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4.4. Gasoil consumption
In order to examine the energy savings with such a system let us consider a hypothetical unit.
Figure (5) show that the effect of row of the tube on gas oil consumption.
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Fig 5: Gasoil consumption respect to row of tub

4.5. Economic Assessment

The cost of thermosyphon exchanger with the dimensions demonstrated in table (1) is
10,000,000 Rial. For a farm with capacity of 10,000 chickens, 10 pieces of this pipe is
normally used. Consequently, the total cost for this farm gets 100,000,000 Rial. Noting that
lifetime of the pipe is estimated about 10 years, a time of 2 years is sufficient to return the
investment.

5. Conclusions

An air-to-air THE was modeled for energy recovery from the outlet stream of a hypothetical
plant in the heating/cooling season. Also, the effect of row of pipe on heat transfer
characteristics of a THE under normal operating conditions was investigated theoretically.
The following conclusions were drawn from the present study:

1. Optimum number of tube in length is 4.

2. with implementation of targeted subsides plan, saving in gas oil consumption is very
considerable.

3. Surveys show that using thermosyphon exchangers in energy recycling systems of farms is
extremely economic.

Nomenclature

C heat capacity of fluid Subscribes
Ch heat capacity of hot fluid ¢ condenser
C. heat capacity of cold fluid e evaporator
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inside diameter of heat pipe f fin, fouling
length of section i inside

mass flow rate of fluid in duct 0 outside, overall
number of rows of tubes p pipe

heat transfer flux w  wick

D

L

m

N

Q

R thermal resistance Greek letters

S. longitudinal tube pitch fin effectiveness

St transverse tube pitch density of fluid

Thi  temperature of flow, inlet of THE effectiveness

Thout temperature of flow, outlet of THE surface tension

U heat transfer coefficient specific heat ratio of air
Ut total Heat transfer coefficient filling ratio
Bo

Qc 90
Qe
an

Ty

hig
ACI’OSS
Ay

< o oo =

Bond number

heat transfer rate limits at vertical state
critical heat transfer for pool boiling
input heat transfer into the evaporator
vapor temperature

latent heat of vaporization

cross section area of pipe

cross section area of vapor
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