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Abstract
In this paper, the unsteady state heat transfer from countercurrent double pipe heat exchanger is
presented. A finite difference technique is used to solve the unsteady countercurrent double pipe
heat exchanger differential equations. The variable specific heat coefficient with temperature is
taken in account during the present analysis. Three types of effectiveness are discussed here
because the change of the internal energy for the cold, hot fluids and also for the pipe wall
material is taken in account. The entropy generation number for the case study is studied and the
variation of the entropy generation number with effectiveness and other parameter is examined.
The effect of the time, N., Ny, En, C; on the cold & hot fluid effectiveness are examined, the
increasing of the N, & Nj, values will increase the hot fluid effectiveness & in same time decrease
the cold fluid effectiveness & also the increasing of the Cr will increase the hot fluid
effectiveness and the entropy generation number. Our analysis is considering hot fluid (that we
need to cool it) flow inside the tube & the cold fluid flows inside the annulus area.
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NOMENCLATURES

Q The heat transfer rate (W) P Perimeter (m)

m Mass flow rate (Kg/Sec) L Length of the heat exchanger (m)
Cp Constant pressure mass heat capacity (KJ/Kg.K) D Diameter (m)

T Temperature ( “C) r Radius (m)

X Longitudinal distance in x-direction (m) k Thermal conductivity (W/m.K)

\Y Volume (m®) tw Thickness of the inlet pipe (m)

t Time (sec) Pr Prandtle number

h Heat transfer coefficient (W/m2K) Re Reynolds number

A Area (m?) f Darcy-Weisbach friction coefficient
Greek

B Constant for heat capacity coefficient (1/K) o Dimensionless constant for heat capacity coefficient
p Density (Kg/m®) A Change during element

n Dynamic viscosity (Pa.Sec) v Kinematics viscosity (m?/Sec)

€ Heat exchanger effectiveness

Dimensionless Quantities

O, (520 (Te e 000 = Te ) /Ty =T ) X /L

Cpc,h,w Cpoc,h,w (1+a ec,h,w) T t/ro
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Nc,h c,h c,h/ c,h poc,h To pc c poc/mc poc

. . E
Cr iy Cpop /mc Cpoc c.h,w Pe.h,w Vc,h,w Cpoc,h,w /pc Ve Cpoc
Subscript
c Cold fluid w Pipe wall temperature
ci Inlet cold fluid in Inlet
c,0 Outlet cold fluid out Outlet
h hot fluid m Distance location in X-direction
h,i Inlet hot fluid max Maximum
h,0o Outlet hot fluid a Instantaneous actual
h,m Hot to pipe wall c,m Cold to pipe wall

Superscript

¢ Dimensionless distance n Time increasing

Introduction

Heat exchangers, as the name implies, transfer heat from one substance to another. A heat
exchanger is a heat transfer device that exchanges heat between two or more process fluids. Heat
exchangers have widespread industrial and domestic applications and in the process industry for
the recovery of the heat. They are an essential component in thermal power system, refrigeration
system, and other cooling system. In all theses systems, heat is transfer from one fluid to other.
The countercurrent heat exchanger is most favorite because it is gives maximum rate of heat
transfer for a given surface area

In many thermal equipments design are based on the steady state in calculation of the
characteristic variable. Many applications require knowledge of the transient behavior of the
thermal devices. In fact, it is necessary to explore the unsteady state of thermal properties when
the real time control, state computation, optimization, and rational use of energy are investigated.
In additional, the unsteady state gives more details and information than steady state & also
gives indication to validity of the steady state assumption.

The steady state heat exchanger is well defined & discussed in many literatures, [1,2,3,4,5].

The steady state solution are commonly divided in to two methods, the first method named “Log
Mean Temperature Difference (LMTD)”, this method is applied when the inlet & outlet
temperatures are knowing. The second method is named “Effectiveness- Number of Transfer
Unit (¢ -NTU)”, this method applied when the outlet temperatures of the fluids are unknowing,
this method is based on calculation of maximum heat transfer rate & number of transfer units.
These methods are widely discussed in many literature & textbooks, [1,2,3,4,5,6].

Bagul,[7], indicate anew steady state formulation for countercurrent double pipe heat exchanger
with constant parameter experimentally.

In our study , we analyzed countercurrent heat exchanger which used to cool a hot fluid (flow
inside tube) by a cooled fluid (flow inside the annulus area). The finite difference techniques was
used to solve the unsteady state countercurrent double pipe heat exchanger differential equations,
The variable specific heat coefficient with temperature was taken in account during the present
analysis.

Analytical Analysis
The assumptions that used in the theoretical analysis of countercurrent double pipe heat
exchanger are following:

1- There is no phase change for the hot & cold fluids during the heat exchanger pipes.

2- Hot & cold fluids are incompressible & turbulent in flow.
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The axial heat conduction inside the tubes wall is negligible ( the convection resistance is
too high compared width conduction resistance).

The hot, cold fluids & the pipe wall temperature subject to unsteady state behavior.

The specific heat coefficient is variable with temperature.

The hot fluid flow inside the inner pipe & the cold fluid flow inside the annulus area
between pipes.

In order to derive the governor differential equations, the heat exchanger is subdivided in to many
elements volumes of length (Ax) as shown in fig (1). The hot fluid flows through the element
volume transfer heat to the wall by convection , resulting in reduction in the outlet enthalpy and
internal stored thermal energy.

Energy balance applied to the differential volume of the hot fluid leads to the first equation in the
system. Similar energy balance is applied for the cold fluid & separation cylinder wall. The
energy balance for the hot, cold fuel & for separation wall were done as following:

Cold Fluid In the| Qc.i Qc.0
Annulus Area | Qw.c

Thickness of Th
Wall Inside Pipe

Hot Fluid In the
InSide Tube

Fig(1): Schematic of Double Pipe Heat Exchanger

For Cold Fluid
Atsection I Q ;=m Cp, T, ..oooooiiiiii (1)
Where Cp, = Cp . (L+B T.) oo e (2)
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Atsection2 Q. =Q; + FA D S PP 3)
. . . oT,
The change of internal energy in cold fluid Q.= p, AV, Cp, 6tc ............................. “4)
Ax
Where AV, = V,_ T I (5)
Ax oT,
Then Q.= p, V., —C T PPN 6
Qe=pe Ve T-Cpe (©)
For Hot Fluid
Atsection 2; Qp; =1, Cpy Ty oo (7)
Where Cp,, = Cp, (14 B Tl ) o e e e (8)
— Qi
Atsection 1; Q, , =Qy; + 5 AX e 9
X
The change of internal energy in hot fluid;
T, Ax T,
= =P, AV, Cpy —— =P, Vi = CD) o e 10
Q, Pn AV, LPy ot Pn Vi L P ot (10)

For Pipe Material
The change of internal energy in pipe material;

oT Ax oT

=p, AV, C Y =p V —C PN 11
Qu =Py AV, Cpy —5=p, V, T—Cp — (11)
Where Cp,, = Cp , (LB T, ) ceeniiii e (12)
The heat removed from the hot fluid to the pipe wall;
dQp .y, =hy (T =T )dA L (e (13)
The heat removed from the pipe wall to the cold fluid;
dQ,.=h (T, —T)dA, .o (14)
Where
dAcchAx,dAc=Ac% ,A =P, L & P.=nD ..o (15)
dA, =P, Ax ,dAh=Ah%,Ah:PhL &P =mt(D+2t,) et (16)

Where “ t,, ” is too small, the conduction resistance inside the pipe material is low compared with
the convection resistance, then, we neglected the conduction thermal resistance inside the pipe
material compared with the convection resistance.

By applying the energy balance for the cold fluid, we get

Z Q,, —Z:QOut = Change in Internal Eneergy ................coiiiiiiiiiiiiiiiii s (17)
Qui +Que =Quo= Qu wevrre eereeeee et (18)
Qu +Que — Q ~ 2 ax=Q (19)
: — .= - D G
c,i w,C c,i aX c
h (T, ~T)P ax QW CP T oy Ay e (20)
ox L o

By substitute the eq. (2) in eq. (20).



oT, d(rn, Cp,.(1+BT,)

V. C =h (T, -T,)P.L- £ R PRI 21
P Pe 7 o ( <) . 21
p.V.Cp,. =h (T, -T)A,—m, Cp, LI(A+BT)+PT.]—= oo, (22)
Finally
oT h A m oT
(1+BT,) —= << (T, -T,)——>L] = (23)
at pCVC Cpoc pCVC C oc
For the hot fluid,
Aept,) oo Ay oy MCPa o O (24)
ot p,V,Cpy, Pu Vi Cpyn ox
For the pipe material,
oT h, A h A
1+BT,) —= h” “h (T, =T )+ —————(T. =T,) e, (25)
ot Pw Vi Cpow Pw Vi Cpow

For dimensionless analysis

e ( t) c h,w (X t) T (26)

D) o
S Th,i - Tc,i
CPenw = CPoenw HQ O, ) e (27)
h . A Vv i
szf, T:i’ N., —_oheh | T, :pc'c—CpOC’ C, :m
L To ’ mc,h Cpoc,h mc Cpoc mc Cpoc
A/ C
andEC = pc,h,w c,h,w poc,h,w
w pC VC Cpoc

Then the final dimensionless form are:
For cold fluid,

%, = ! [N.(O, =0,)=(14+200, ) —=5] e (28)

ot (1+ab,)
For the hot fluid

0, _ <, [N,(0,-6,)+(1+200, ) ] .................................................. (29)

ot E, (1+08,)

For the pipe material

20 N N,C
¥ = < (0, =0, ) (0, =0 )] oo 30
61: Ew(l—i-aew)[ Nc ( h w) ( c w)] ( )

Solution Analysis
In our steady, we used finite difference techniques for solving the above differential equations
(28),(29),(30) :

2 — = — o I N .
At (I+a6 )| " TAX'
01 =0} c 0.1 =}
- == L N, (0% =07 )—(1+200] )(—"—") | eeirieriinainaannns. 32
At Eh(1+aeﬁ’m)|: O =Oum) =+ 2000 (5 ) 32)



C

At (1+a8,)

O], =00 )= (07, =0 ) |, (33)

h,m w,m
Nh

O m —Ohm N { N,C

For more simplifications, we get:

n+l AT nn n n A>(’(1+0“e::1m) n ' n
= NAXO, +(1420007,) 07, + (" =(1+20.00,) = NAX) 07, |. (34)

“NAX(1+a8?,)

c,m c,m
T

n+l ATCr rnn n n A)(’]E"h(1_+_(xegm) ’ n n
e - N,AX'0]  +(1+2a0; )0; . +( ——-N,AX'-(1+2a6; ) 0, . |.(35)
™ AXE,(1+a6},) ’ e AtC, ’ ’
N A Ew(l+ a6
- AT NCoge g o w( W’m)—l—NhCr)e;m] .................... (36)
"R, (I+af’,) N, e N, At N,

The best (At) which used in the present analysis is selected from the above equations, which
made all the above equations is positive ,(then we will select the lower value of the (At)),as

following;

The best (At) for the cold fluid can written as

At = A A 37)
N AX'+(1+200,)

The best (At) for the hot fluid can written as

o AR 0D, ) e (38)

C.[N,AX"+(1+200,)]

The best (At) for the pipe wall can written as

At = B0 ) (39)

N,C, +N,

Heat Transfer Coefficient

Many correlation exist in literature for circular & annulus area,[9,10,11,12]. In the present study,
The calculation of the heat transfer coefficient for the double pipe heat exchanger fluids are
following:

For the hot fluid, the heat transfer coefficient for the fluid inside the tube,[8], can determined in
€q.(40), this equation is widely used for the flow inside the tube,[9,10,11,12].

Nu, = 0.023Re) Pr oo e (40)

For the cold fluid, the heat transfer coefficient for the fluid inside the annulus tube,[8], can
determined in eq.(41),this equations proposed by Kawamura, [ ],for turbulent flow. This equation
is depend also on the diameter ratio between the outer to inner radii. Bagui,[7], shows this
formula is accurate & he compared it with experimental results.

Nu, =0.022 d Rep Pr oo (41)
|

d; r’; s (42)

r =i—° ....................................................................................................... (43)



L e (45)
21In(r,)
rc0.415 +rc
r.. = TS | T (46)
Re = (47)
nDpu

Heat Exchanger Effectiveness (g)

Heat exchanger effectiveness, €. is defined as the ratio of the actual heat transfer rate (Qaetal) to
the thermodynamically possible maximum heat-transfer rate (Qmax) by the second law of
thermodynamics, the value of the effectiveness ranges between 0 and 1.

£= el (48)
Qmax

The maximum possible heat transfer rate would be obtained in a counter flow heat exchanger

with very large surface area and zero longitudinal wall heat conduction, and the actual operating

conditions are same as the theoretical conditions.

Because of not all energy that removed from the hot fluid will transfer to the cold fluid, there, we

will discussed three types of efficiency, the first type for the cold fluid, second type for the hot

fluid, the third for the energy transfer between hot to cold fluid at instantaneous point.

First type, for the hot fluid :

B = (49)
Qmax,h
Q=1 Cpy (T =Ty ) oo .(50)
Quacn =MCPy (T = Ti) oo (51)
T . —T
Then ¢, =M ................................................................................... (52)

(Th,i - TC,i)
Second type, for the cold fluid :

6= (53)
Qmax,c
Q. =M Cp (T = Tei) ceniniii (54)
Quuaxe =MCP (T = Ti) e (55)
(Tc o Tc i)
TN €, = o (56)

(Th,i - Tc,i)
Third type, here will called instantaneous efficiency:
_ Instantaneous actual heat transfer from the hot fluid to the cold fluid (Q, )

Maximum possible heat transfer rate would be obtained (Q,,,.)
QL S U AT, =) teeiint it e (58)

a



Where
1 1 1

= +
UA h,A, hA,
Quae = Conin (Tit = Tis) oveereeteee ettt (60)

Where C is the product of the mass flow rate and the specific heat, as a matter of convenience, is
defined as the fluid capacity rate.

C, =10,CP, 5 C, ZT,CP, coeeeeeeee e (61)

C.., =C, or C, (minimum fluid capacity rate)

The Entropy Generation Number (Ng)

The entropy increase of the universe as the result of a process is the sum of the entropy changes
of all elements that are involved in that process. There are two sources of entropy generation in
heat exchangers. One is due to heat exchange between two fluid streams of different temperature,
and the second one due to viscosity (frictional pressure drop) of moving fluids. The entropy
generation rate due to viscosity is usually much smaller than the generation due to heat exchange,
so it can be neglected,[13]. These losses refer to irreversibility quantity, and some methods have
been devised for minimizing these losses, [13].

The rate of entropy production of the universe,

Sen =S + Sgene T Sgemy e eveesmeeen ettt (62)

gen genc genw

Where S =0 since these term is constant with time.

genw
Since the entropy generation according to the second law of thermodynamic can expressed as
following:

_ Qgen
gen T_ .............................................................................................

Then, in the analyzing of the heat exchangers must be determined the heat transfer for each term

are:

QL == JU(T, =T ) A e (64)
Ay

Q.= JU(T, mTL)AA et e (65)

The entropy generation rate due to heat transfer between the heat exchanger working fluid in
€q.(37) can defined as,[14]:

S =—] Leaa+ [ Laa- - (UL
T

Ay Ly A L Ay h

dA + | V=T A (66)
A, T

C

If we assumed the A= A., then the eq.(66) can be written as:

S, =U | Qe A o (67)
A, LT,

Because of the Ty, > T, the value of entropy generation in eq.(67) is always greater than zero

(positive).

Bejan,[13], used a parameter called entropy generation number for minimizing both losses, and

described this parameter as the ratio between entropy generation rate and the overall heat transfer

coefficient. The entropy generation number limit Ns— 0 implies that these losses approach zero,



and that these losses increase when Ns has higher values. Entropy generation can be written as,
[14].

N = Sw 1 EUSL SN
> UA A, T,T,

Case Study
In our case study, The information of the countercurrent double pipe heat exchanger,[7], as

mentioned below:

The information of the heat exchanger tubes the information of the heat exchanger fluids
Parameter Inner Tube Outer Tube | Parameter Cold (Water) Hot (Oil)
k (W/m.”C) 384 45 m (Kg/s) 0.3 0.5
Cp (J/Kg.°C) 394 490 p (Kg/m®) 1000 800
p (Kg/m®) 8900 7850 Cp (J/Kg.”C) 4200 1900
D (m) 2x107 4x10 v (m*/Sec) 7x107 1x10°
t (m) 107 3x107 k (W/m.”C) 0.64 0.134
L (m) 4.5 4.5 Pr 4.7 140

a(1/°0) 0.1 0.1
Ti (°C) 30 100

Results & Discussion

After writing a computer program to solve the above differential equations. The results of the
computer program are plotted here. In figure (2), we plotted the dimensionless temperatures of
the hot, cold fluids & the pipe material along the dimensionless of heat exchanger length. We can
notes the temperature of the cold fluid is increase with increase of the heat exchanger length & in
the same time the temperature of the hot fluid is decreased because some energy is transfer from
the hot fluid to the cold fluid (the thermal capacitance of the hot fluid decreased with time while
the thermal capacitance of the cold energy increased with time) & this energy is transfer through
the pipe wall, therefore we can notes the temperature of the pipe is increased along the heat
exchanger length.

The variation of the heat exchanger effectiveness for cold, hot fluids & the instantaneous
effectiveness are plotted against the dimensionless time in figure (3), we can notes the hot fluid
efficiency decrease as dimensionless time increased because of the temperature of the hot fluid
temperature is decrease with time (due to reduce of the hot fluid internal energy) & also we can
notes the effectiveness of the cold fluid will increase with time due to the temperature of the cold
fluid is increased with time (due to increase of the hot fluid internal energy). We can also notes
the instantaneous effectiveness decreased as time increase, because this effectiveness is depends
on the temperature difference between the hot & cold fluid & this difference is reduced as the
time increase, then the instantaneous effectiveness decreased as the time increased.

The variation of temperature profile for the hot fluid against dimensionless heat exchanger length
for different values of dimensionless time are plotted in figure (4), as the time increase, the
temperature of the hot fluid is decreased due to decreasing of the internal energy (increase the
heat removed from the hot fluid). The difference between temperature profile lines will decrease
as the time increase due to decreasing of the heat removed (internal energy) from the hot fluid as
time increase.

The effect of the (C;) on the hot fluid effectiveness are graphed in figure (5) for different values
of the dimensionless temperature, the increasing of the (C;) will increase the hot fluid efficiency
because will increase the mass flow rate (heat capacitance) of the hot fluid compared with the




heat capacitance of the cold fluid & then increase hot fluid effectiveness due to decrease the
temperature profile line slope(internal energy) for the hot fluid.

The hot fluid effectiveness are plotted with different values of (N.) against dimensionless time in
figure(6). The increasing of the (N.) values will increase the hot fluid efficiency by decreasing
the mass capacity (internal energy) of the cold fluid, then the energy transfer from the hot fluid to
cold fluid will reduce , then hot fluid temperature line slope is decreased (the heat removed from
the internal energy is not more). For the same previous reasons, the effectiveness of the cold fluid
is decreased with increasing of (N.) values due to decreasing the internal energy (thermal
capacitance) of the cold fluid (see figure (7)).

The effect of the (Ny) on the hot fluid effectiveness & cold fluid efficiency are plotted in figure
(8) & figure (9). The increasing of the (Nj,) will increase the hot fluid efficiency & decreasing
the cold fluid efficiency.

The effect of the (Ey) on hot fluid effectiveness are plotted in figure (10), at (Ey,) values less than
(1), the heat capacitance for the cold fluid is greater than the heat capacitance for the hot fluid,
then the efficiency of the hot fluid is decrease as the time increase due to reducing in the heat
capacitance of the hot fluid (the heat removed from the hot fluid to the cold fluid increase due to
the increasing of the cold fluid capacity), but when the values of (E,) become greater than (1),
the efficiency of the hot fluid will increase (the thermal capacitance increase), then the energy
transfer from the hot fluid to the cold fluid decreased (the cold fluid capacitance is small). At the
time nearly zero, the effect of the (Ep) is not noticeable & the increasing of the time will become
the (E,) more effective due to the cold & hot fluids have initial values at time near zero.

The effect of the Dimensionless constant for heat capacity coefficient (o) is plotted in figure
(11), the increasing of (o) will increase the hot fluid effectiveness because increase of (o) will
increase the internal energy for the fluid and then increase the temperature of the fluid.

Finally we will study the effect of the other parameters on the entropy generation. The variation
of the entropy generation number with dimensionless time is plotted in figure (12), the entropy
generation is reduce as the time increase because the heat transfer rate as the time decrease.

The increasing of the (C;) will decrease the (N;) due to increase of the C. will decrease the
number of entropy generation due to increase of C, will decrease the temperature difference
between the hot & cold fluid.

Conclusions

The unsteady state countercurrent double pipe heat exchanger differential equations is solved a
numerically by using finite difference technique with variable specific heat coefficient for hot,
cold fluid and tube wall. The effect of the time, N., N, En, C. on the cold & hot fluid
effectiveness are and also generation number is presented. The increasing of the Cr will increase
the hot fluid effectiveness and the entropy generation number, the increasing of the N, & Ny
values will increase the hot fluid effectiveness & in same time decrease the cold fluid
effectiveness & also the increasing of the Cr will increase the hot fluid effectiveness and the
entropy generation number. Our analysis is considering hot fluid (that we need to cool it) flow
inside the tube & the cold fluid flows inside the annulus area.
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Fig.(11): The variation of hot fluid heat exchanger
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Fig.(13): The variation of entropy generation number
effectiveness with dimensionless time for different (C, )

REFERENCES

1- Kays, London 84 Kays W.M., London A.L.; “Compact Heat Exchangers”, 3rd ed.;McGraw-Hill Book

Co.; New York, NY, 1984

2- Walker, G., “Industrial Heat Exchangers-A Basic Guide”, Hemisphere McGraw-Hill, New York, 1982.
3- Taborek, J,, Hewitt, G. F., and Afgan, N., eds., “Heat Exchangers: Theory and Practice”, Hemisphere/

McGraw-Hill, Washington, D.C., 1983.

4- Hewitt, G. F., and Whalley, P. B., “Handbook of Heat Exchanger Calculations”, Hemishpere.

Washington, D.C., 1989.

5- Shah, R. K., Kraus, A. D., and Metzger, D., eds., “Compact Heat Exchangers”, Washington, D.C., 1990.

13




6-

7-
8-

9-

10-
11-

12-

13-

Pignotti, A., “Relation between the thermal effectiveness of overall parallel and counter flow heat
exchangers”, Trans. ASME, J. Heat Transfer, PP. , 294-299 ,1989.

Holman, J. P., “Heat Transfer” McGraw-Hill Book Company, New York, 7th Edition, 1992.

F.P. Incoropera and D.P. DeWitt, “Fundamentals of Heat and Mass Transfer”, John Willey & Sons,
NewYork, 2002.

Kreith, F, and Bohn, M. S., “Principles of Heat Transfer”, West Publishing Company, New York, 7th
Edition, 2003.

T. KUPPRN, “Heat Exchanger Design Handbook”, Marcel Dekker, USA, 2000 .

T. A. AMEEL, L. HEWAVITHARANA “Countercurrent Heat Exchangers with Both Fluids Subjected
to External Heating”, heat transfer engineering vol. 20 no. 3 1999, pp(37-44).

F. BAGUI ,M.-A. ABDELGHANI-IDRISSI “ Countercurrent Double-Pipe Heat ExchangerSubjected
to Flow-RateStep Change, Part I: NewSteady-State Formulation”, Heat Transfer Engineering , 23:4—
11,2002

Bejan, A., “Entropy Generation through Heat and Fluid Flow", Wiley, New York, p. 103, 1982.

14



