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ABSTRACT

In this paper, a simplified mathematical model is presented to predict the axial temperature field of
fluids in a three-concentric tube heat exchanger. The model is formed on the basis of heat balance
equation, heat transfer equation, temperature gradients, and the logarithmic mean temperature
difference (LMTD) method. The triple tube heat exchanger is an alternative solution in order to
enhance heat transfer and reduce working fluid pressure loss. The control volume method was
adopted to determine axial temperature field by using the computer software Engineering Equa-
tion Solver (EES). The combination of the method and EES proves a fast convergence and remark-
ably small error. The EES code consists of about twenty lines which demonstrates simplicity and
compactness of the developed program. Calculation results are compared with experimental re-
sults to confirm accuracy. The objective of the study is to avoid temperature cross which is very
likely to be occurred in triple-fluid heat exchangers. The temperature cross or temperature meet
results in the ineffective surface area in a heat exchanger. Thereby the designer or operator can
adjust the design parameters, e.g. geometric parameters of the exchanger, temperatures or fluid
flow rates, so that the temperature cross does not occur. The result of calculating a case shows
that at the tube length of 21.5 m, the temperature cross occurs between the hot fluid and the in-
termediate fluid at a certain position. The shorten tube length to 8.5 m yields desirable gain. EES
code and calculation procedure in detail are presented in the current study. The present study is
capable to apply various types of heat transfer surface, i.e. finned or ribbed surfaces, and fluids, i.e.
gas, liquid, or mixture. Moreover, optimization in terms of thermohydraulic performance could be

expanded for the triple fluid heat exchanger.

Key words: Temperature cross, Triple-tube, Triple-fluid, Temperature distribution, EES, Heat

exchanger

INTRODUCTION

Heat exchangers are vital components of the thermal
system. Their performance determines the cost of in-
vestment and operation of the system. Therefore, per-
formance improvement of the exchangers is always
paid attention by researchers. It could be helically
coiled tube usage for higher heat transfer than straight
tube ! or application of finned tubes to enhance heat
and mass transfer in dehumidifying air coils® or uti-
lization of high performance tube to enhance boiling
and condensing heat transfer in a water chiller?, or
introduction of roughness elements to discard the vis-
cous sublayer and create a mix of the primary flow
and secondary flow in a fluid channel®. In recent
years, triple-fluid heat exchanger (TFHE) has been
widely employed due to high heat exchange capac-
ity and reduced pressure loss compared to dual-fluid
heat exchangers®’. However, there is a disadvantage
of the TFHE which may be a phenomenon of tem-
perature cross or meet inside the device. If cold fluid
temperature is greater than hot fluid temperature, the

phenomenon is referred to as the temperature cross.
Temperature cross is undesirable for a heat exchanger
because the heat transfer surface area is not utilized
effectively®. Mohapatra et al.® pointed out the tem-
perature cross in TFHE for various flow patterns. To
search for temperature cross, it is necessary to know
the temperature distribution of fluid in the device.
This distribution is usually determined through ana-
Iytical approach, numerical simulation (CFD), or ex-
periment. Batmaz and Sandeep*'? studied analyti-
cally and experimentally to determine the tempera-
ture distribution. A mathematical model of 68 equa-
tions was formed and an iterative method is required
to solve the model. Mohapatra et al. ® applied control
volume approach to compute the temperature of three
fluids. Gomaa et al. !! presented the temperature dis-
tributions using numerical (CFD) and experimental
studies.

From the above analysis of the role of triple-fluid
heat exchangers, the physical significance of temper-
ature cross and approaches in literature, in this study,
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a one-dimensional mathematical model was estab-
lished for triple-fluid heat exchanger using concentric
tubes. The model is based on the fluid temperature
gradient and is solved with the support of EES soft-
ware '2. This software is a compact tool integrated in
many technical books so the EES program is easy to
use and develop further.

MODEL DESCRIPTION AND
MATHEMATICAL FORMULATION

The TFHE includes three concentric tubes, as seen in
Figure 1. The counterflow configuration is selected
due to its larger effectiveness compared to co-current
flow and others'!. Fluid 2 has a higher temperature
than that of fluids 1 and 3. Therefore, the fluid 2 trans-
fers thermal energy via surfaces of innermost tube and
intermediate tube. The heat transfer rate of the fluids
in the innermost tube and the annuli for one-phase
heat transfer are estimated via the following equa-

tions’:
Q) =cp i (T1,—Ti ) (1)
0, = cporr (Tro—To ) (2)
03 = cpa3ms (Tso—Ts) (3)

where m is the mass flow rate of a fluid. The subscripts
1, 2, and 3 denote fluids in the innermost tube, inner
and outer annuli, respectively. The heat transferred
from the highest temperature fluid is the entire ther-
mal duty of the TFHE:

0y =01 +0s. 4)

The axial temperature variation of fluids can be pre-
dicted from the temperature change along the length
of TFHE as:

dT BT,
— = (UA)y = ) (5)
dx Lmycp
ats _
dx
T —T Th—T; (6)
—(UA)y, e UA)2s — )
myCp2 Lmjcpo
dTs Ty
23 = (UA),, 2 ;
i (UA)p3 Linzey s (7)

where x is the axial position of the TFHE, L is the tube
length of the TFHE and UA is the product of overall
heat transfer coefficient and heat transfer area. The
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UA between the fluids in innermost tube and inner

annulus can be computed as:

1
UA),, =
(UA)s) 1 In(dy ,/d\ ) 1 (8)
hiA, 2kpel  M2A2

Similarly, the conductance between the fluid 2 and

fluid 3 in the outer annulus is given as:

1
UA)y3 = ’
(UA)p3 1 In(da,/da;) 1 ©)
hyAz 27ksype L h3Aq

where k;,p, is the thermal conductivity of tubing ma-
terial and A is the heat transfer surface area:

Ay =ndy ;L

Ay =rdy L

Az = tdy ;L

Ay = ﬂ?dzﬁaL
CONTROL VOLUME METHOD

The heat exchanger is divided into several elements
(Control Volume - CV) to solve the temperature gra-
dient equations. Each CV has three inlets and three
outlets as shown in Figure 2. In this study, exchanger
geometry, fluid inlet temperatures and flow rates are
given. Fluid temperature distributions are calculated
and outlet temperatures as well. From the gradient
temperature equations and flow pattern in Figure 1,
it can be seen that known temperature of fluids 1 and
3 on the left side, and known temperature of fluid 2
on the right side. The algorithm-solving strategy in
the appendix goes from right to left, so that the outlet
temperature of fluids 1 and 3 are assumed (red font in
the appendix). The inlet temperature of fluids 1 and 3
is calculated and compared with the given data until
the smallest error obtained '*»!'*. The following shows
the calculation procedure with the above mathemati-
cal model and manipulation in EES.

Step 1: Write EES code as appendix

Step 2: Select min/max calculation as seen in Figure 3
Step 3: Assign minimization of err function and two
independent variables (Figure 4a), click on Bounds
button to specify range of the variables as showed in
Figure 4b. Optimization result displayed in Figure 4c
revealed the very small error after 259 iterations and
outlet temperature of fluids 1 and 3.

Step 4: Show numeric results of fluid temperature dis-
tribution in Integral Tables (Figure 5)
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Figure 1: Flow configuration and terminologies for the triple-fluid heat exchanger (TFHE)
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Figure 2: Control volume arrangement
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Figure 3: Min/Max calculation in EES
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Figure 5: Axial fluid temperature distribution from integral tables
RESULTS AND DISCUSSION rent model formulation can be predicted at any tube

Figure 6 exhibits a validation of the present results
with the experimental outcomes in the literature”.
The input data, ie., the fluid types, volumetric flow
rate, temperatures of fluids at inlets, and tube length
of the TFHE are displayed in the appendix. A propy-
lene glycol (PG)-water (30% by volume), hot water
and a PG-water (30% by volume) flow in the outer,
inner annuli and innermost tube, respectively. The
length of tube of 21.5 m is inputted to compare with
the available data. But it should be noted that the cur-
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length as long as the flows are in fully developed re-
gions. The comparison confirms a good agreement of
the 1D predictions with the experimental results. It
can be observed for the current conditions that tem-
perature cross doesn’t occur. However, once inlet
temperatures of three fluids are changed to ¢1 ; = 5°C,
tp; =40°C, and t3 ; = 15°C, the temperature cross can
be found at the certain position as pointed of in Fig-

ure 7.
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Figure 6: Validation to experimental results®

Under these operating conditions, part of TFHE’s heat
exchanger performed ineffectively. This may be be-
cause the heat transfer tube length is too long so the
hot fluid (fluid 2) transfers heat to the lowest tempera-
ture fluid (fluid 1) resulting in the temperature of fluid
2 which is lower than that of fluid 3. Therefore, one
part of the heat transfer surface is useless due to the
fact that fluid 3 transfers heat to fluid 2. Only a part
of the heat exchanger surface is useful where fluid 2
transfers thermal energy to both fluids 1 and 3. With-
out data on the temperature distribution of the fluids
inside TFHE, the designer may mistakenly think that
the device is working properly since the outlet tem-

perature of the hot fluid (fluid 2) decreases and the
cold temperature of fluids (fluids 1 and 3) increases.
Figure 8 showed the TFHE with a reduction of the
tube length to 8.5 m, it can be exhibited that there is
no temperature cross phenomenon. Under this con-
dition, the device can work, as expected, i.e. the hot
fluid transfers heat to the two cold fluids.

CONCLUSIONS

A compact mathematical model written in the EES
environment to determine the temperature distribu-
tion along the three-fluid heat exchanger was devel-
oped in this study. The temperature distribution pre-
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Figure 7: A case with temperature cross occurrence
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Figure 8: Design modification to avoid temperature cross
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diction is aimed to avoid unwanted temperature cross
in heat exchanger design and operation. The calcula-
tion program is available for a variety of fluids, fluid
temperatures, and geometry of TFHE as well. From
the calculation results, the designer can modify pa-
rameters of the exchanger and fluid to suppress a tem-
perature cross or a temperature meet. The mathemat-
ical model and calculation program are expected to be
used for various types of tube surfaces such as rough-
ened tube or finned tube and various fluids in engi-
neering applications.

NOMENCLATURE

A Heat transfer surface area (m?)

¢ Specific heat at constant pressure (J kg=! K1)

d Tube diameter (m)

h Convection heat-transfer coefficient (W m~2 K™!)
kiupe Thermal conductivity of tubing material (W
m- K1)

L Length of a tube (m)

m Mass flow rate of a fluid (kg s~ D)

P dPressure (Pa)

Q Thermal duty of heat exchanger (W)

t Temperature (°C)

th Tube thickness (m)

U Overall heat-transfer coefficient (W m—2 K1)
Subscripts

1 Fluid 1/Innermost tube

2 Fluid 2/Intermedia tube

3 Fluid 3/Outermost tube

CONFLICT OF INTERESTS

The author declares that there is no conflict of interests
regarding the publication of this paper.

AUTHOR CONTRIBUTION

Nguyen Minh Phu is in charge of all research content
presented in the article.

APPENDIX

$UnitSystem SI Pa ] C
{inputs}
d_1_i=d_1_o-2*th
d_1_0=0.0508 [m]
d_2_i=d_2_o-2*th
d_2_0=0.0635 [m]
d_3_i=d_3_o-2*th
d_3_0=0.0762 [m]
th= 0.00165 [m]
L=21.5 [m]

T 1_i=5[C]

T 2 i=97.2 [C]
T_3_i=5[C]

V_dot_1=57.92 [l/min]

V_dot_2=15.14 [I/min]

V_dot_3=16.28 [l/min]

P=60*convert(psi,Pa)

fluid1$="PG’ {PG: propylene glycol- water}
fluid2$="Water’

fluid3$="PG’ {PG: propylene glycol- water}

C=30 [%] {concentration of PG solution}

k_tube=45 [W/m-K]

{lookup fluid properties}
cpl=Cp(fluid1$,T=T_1_i,C=C)
rhol=Density(fluid1$,T=T_1_i,C=C)
cp2=Cp(fluid2$,T=T_2_i,P=P)
rho2=Density(fluid2$,T=T_2_i,P=P)
cp3=Cp(fluid3$,T=T_3_i,C=C)
rho3=Density(fluid3$,T=T_3_i,C=C)

{mass flow rates}
m_dot_1=rho1*V_dot_1*convert(l/min,mA3/s)
m_dot_2=rho2*V_dot_2*convert(l/min,mA3/s)
m_dot_3=rho3*V_dot_3*convert(l/min,m~A3/s)
{lookup heat transfer coefficients}

call PipeFlow(fluid1$,T_1_i,Cm_dot_1,d_1_i,L,0:h_T_1,
h_H_1,DELTAP_1, Nusselt_T _1,f 1,Re_1)

call AnnularFlow(fluid2$,T_2_i,Pbm_dot_2,d_1_o0/2,d_2_i/2,L,(
h_H_2 ,DELTAP_2, Nusselt_T_2,f 2,Re_2)

call AnnularFlow(fluid3$,T_3_i,C,m_dot_3,d_2_o0/2,d_3_i/2,L,
h_H_3 ,DELTAP_3, Nusselt_T_3, f 3, Re_3) {calcu-
late conductance}
UA_21=1/(1/(h_H_1*A_1)+In(d_1_o/d_1_i)/(2*pi*k_tube*L)+
UA_23=1/(1/(h_H_2*A_3)+In(d_2_o/d_2_i)/(2*pi*k_tube*L)+
{surface areas}

A_l=pi*d_1_i*L

A_2=pi*d_1_o*L

A_3=pi*d_2_i*L

A_4=pi*d_2_o*L

{temperature gradients}

dT2dx= -UA_21*(T_2-T_1)/(L*m_dot_2*cp2)
-UA_23*(T_2-T_3)/(L*m_dot_2*cp2)

dT1dx= UA_21*(T_2-T_1)/(L*m_dot_l*cpl)
dT3dx= UA_23*(T_2-T_3)/(L*m_dot_3*cp3)
{numerical integration}

n=10

DELTAx=L/n

$integralTable x:DELTAx,T_1,T_2,T_3,x_revert
T_2=T_2_i+integral(dT2dx,x,0,L,DELTAX) {! T_2_i
known}

T_1=T_1_o-integral(dT1dx,x,0,L,DELTAx) {! T_1_o
unknown}
T_3=T_3_o-integral(dT3dx,x,0,L,DELTAx) {! T_3_o
unknown}

{errors}

err_l=abs(T_1-T_1_i)
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err_3=abs(T_3-T_3_i)

err=err_l+err_3

{heat transfer rates}
Q_dot_l=cpl*m_dot_1*(T_1_o-T_1_i)
Q_dot_2=cp2*m_dot_2*(T_2_i-T_2_o)
Q_dot_3=cp3*m_dot_3*(T_3_o-T_3_i)
Q_dot_2=Q_dot _1+Q_dot _3

{change x-axis scale}

x_revert=(L-x)+1

REFERENCES

1.

. Phu NM, Hap NV.

Phu NM, Trinh NTM. Modelling and experimental validation
for off-design performance of the helical heat exchanger with
LMTD correction taken into account. Journal of Mechani-
cal Science and Technology. 2016;30(7):3357-3364. Available
from: https://doi.org/10.1007/s12206-016-0645-0.

Influence of inlet water temperature on
heat transfer and pressure drop of dehumidifying air coil us-
ing analytical and experimental methods. Case Studies in
Thermal Engineering. 2020;18:100581. Available from: https:
//doi.org/10.1016/j.csite.2019.100581.

. Phu NM, Sik LG. Characteristics of the Water Pressure Drop

Considering Heat Transfer in the Evaporator and Condenser
of a Water Chiller. Transactions of the Korean Society of Me-
chanical Engineers B. 2011;35(12):1293-1300. Available from:
http://doi.org/10.3795/KSME-B.2011.35.12.1293.

. Ngo TT, Phu NM. Computational fluid dynamics analysis of the

heat transfer and pressure drop of solar air heater with conic-
curve profile ribs. Journal Thermal Analysis and Calorimetry.
2020;139:3235-3246. Available from: https://doi.org/10.1007/
510973-019-08709-4.

. Phu NM, Tuyen V, Ngo TT. Augmented heat transfer and fric-

tion investigations in solar air heater artificially roughened

459

12.
13.

. Batmaz E, Sandeep K.

with metal shavings. Journal of Mechanical Science and Tech-
nology. 2019;33(7):3521-3529.  Available from: https://doi.
0rg/10.1007/s12206-019-0646-x.

. Mohapatra T, Padhi BN, Sahoo SS. Analytical investigation

and performance optimization of a three fluid heat exchanger
with helical coil insertion for simultaneous space heating and
water heating. Heat Mass Transfer. 2019;55:1723-1740. Avail-
able from: https://doi.org/10.1007/s00231-018-02545-2.

. Tuyen V, Hap NV, Phu NM. Thermal-hydraulic characteris-

tics and optimization of a liquid-to-suction triple-tube heat
exchanger. Case Studies in Thermal Engineering. 2020;p.
100635. Available from: https://doi.org/10.1016/j.csite.2020.
100635.

. Thulukkanam K. Heat exchanger design handbook, CRC press.

2013;p. 54-55. Available from: https://doi.org/10.1201/b14877.
Overall Heat Transfer Coefficients
And Axial Temperature Distribution In A Triple Tube Heat
Exchanger. Journal of Food Process Engineering, Volume.
2008;31:260-279.

. Batmaz E, Sandeep KP. Calculation of overall heat transfer

coefficients in a triple tube heat exchanger. Heat and Mass
Transfer, Volume. 2005;41:271-279. Available from: https:
//doi.org/10.1007/s00231-004-0546-0.

. Gomaa A, Halim MA, Elsaid AM. Experimental and numeri-

cal investigations of a triple concentric-tube heat exchanger.
Applied Thermal Engineering, Volume. 2016;99:1303-1315.
Available from: https://doi.org/10.1016/j.applthermaleng.2015.
12.053.

F-chart software, Engineering Equation Solver. 2013;.

Nellis G, Klein S. Heat Transfer. Cambridge univer-
sity press. 2009;Available from: https://doi.org/10.1017/
CB0O9780511841606.

. Phu NM, Sik LG. Characteristics of pressure and force consid-

ering friction in a closed cylinder with a holed piston. Jour-

nal Mechanical Science and Technology. 2014;28:2409-2415.
Available from: https://doi.org/10.1007/s12206-014-0533-4.


https://doi.org/10.1007/s12206-016-0645-0
https://doi.org/10.1016/j.csite.2019.100581
https://doi.org/10.1016/j.csite.2019.100581
http://doi.org/10.3795/KSME-B.2011.35.12.1293
https://doi.org/10.1007/s10973-019-08709-4
https://doi.org/10.1007/s10973-019-08709-4
https://doi.org/10.1007/s12206-019-0646-x
https://doi.org/10.1007/s12206-019-0646-x
https://doi.org/10.1007/s00231-018-02545-2
https://doi.org/10.1016/j.csite.2020.100635
https://doi.org/10.1016/j.csite.2020.100635
https://doi.org/10.1201/b14877
https://doi.org/10.1007/s00231-004-0546-0
https://doi.org/10.1007/s00231-004-0546-0
https://doi.org/10.1016/j.applthermaleng.2015.12.053
https://doi.org/10.1016/j.applthermaleng.2015.12.053
https://doi.org/10.1017/CBO9780511841606
https://doi.org/10.1017/CBO9780511841606
https://doi.org/10.1007/s12206-014-0533-4

Tap chi Phdt trién Khoa hoc va Céng nghé - Ki thudt va Céng nghé, 3(3):452-460

Open Access Full Text Article

Bai nghién ciiu

Mét chuong trinh EES nhé gon dé du doan trudéng nhiét dd doc
truc trong thiét bi trao doi nhiét ba luu chat

Nguyén Minh Phu'-*

% '\\,_lf“

;‘-'a- vuscHTY
.-|
"
Use your smartphone to scan this
QR code and download this article

'Khoa Cd khi, Trudng Dai hoc Bach
khoa, Thanh phdé H6 Chi Minh, Viét
Nam

’Dai hoc Quéc gia Thanh phd HO Chi
Minh, Viét Nam

Lién hé

Nguyén Minh Phu, Khoa Co khi, Trudng Dai

hoc Bach khoa, Thanh phé HE Chi Minh, Viét
Nam

Dai hoc Qudc gia Thanh phé HE Chi Minh,
Viét Nam

Email: nmphu@hcmut.edu.vn

Lich st

o Ngay nhéan: 17-04-2020

® Ngay chdp nhan: 26-10-2020
o Ngay ddng: 03-11-2020

DOI : 10.32508/stdjet.v3i3.736
W) Check for updates

Ban quyén

© DHQG Tp.HCM. Dy la bai bdo cong bé
ma dugc phat hanh theo cac diéu khodn cua
the Creative Commons Attribution 4.0

"\_

VNU-HCM Press

International license.

h

TOM TAT

Trong bai bdo nay, moét moé hinh todn don gian dugc trinh bay dé du doan trudng nhiét d6 doc truc
cla cac luu chat trong mot thiét bi trao d6i nhiét ba dng déng tam. M6 hinh dugc thanh lap trén
€0 s& clia phuong trinh can bang nhiét, phuong trinh truyén nhiét, gradient nhiét do, va phuong
phap do chénh nhiét d6 trung binh Iogarit (LMTD). Thiét bi trao déi nhiét ba 6ng la mot gidi phap
thay thé dé nang cao truyén nhiét va gidm tén that 4p sudt luu chat lam viéc. Phuong phép thé
tich kiém soat dugc st dung dé xac dinh phan bé nhiét dé doc truc bang cach dung phan mém
EES (Engineering Equation Solver). Su két hgp gitta phuong phép va EES chiing té hoi tu nhanh va
sai s6 nho dang ké. Chuang trinh EES chi gébm khoang hai muci dong chinh da ching to tinh don
gian va gon nhe. Cac két qua tinh toan dugc so sanh vai cac két qua thuc nghiém dé xac nhan do
chinh xéc. Muc tiéu clia nghién cu 1a dé tranh chéo nhiét do, hién tugng ma rat thudng xay ra
trong cac thiét bj trao d6i nhiét ba luu chat. Chéo nhiét do dan dén bé mat truyén nhiét khong
hiéu qua trong thiét bi trao d&i nhiét. TU d6 ngudi thiét ké hodc van hanh cé thé diéu chinh cac
thong s6 thiét ké, chdng han thong sé hinh hoc ctia bd trao d6i nhiét, cac nhiét dé hodc luu luong
céc luu chéat, dé chéo nhiét do khong xay ra. Két qua tinh toan cho mot trudng hop chi ra réng &
6ng dai 21,5 m, chéo nhiét dé xuat hién gilra luu chat néng va luu chét trung gian & mot vj tri xac
dinh. Ong ngdn 8,5 m mang lai két qua mong mudn. Chuong trinh EES va trinh tu tinh toan chi
tiét ducgc mo6 ta trong nghién clu hién tai. Nghién clu nay cé thé dp dung cho da dang céc kiéu
bé mat truyén nhiét (cac bé mat nham hodac lam canh) va cac loai luu chat (khi, Iong, hodc cac hon
hop). Hon nia, téi uu hda hiéu sudt nhiét thay luc cé thé duge md réng cho thiét bi trao déi nhiét
ba luu chat.

Turkhoa: Chéo nhiét do, ba 8ng, ba luu chét, trudng nhiét do, EES, thiét bi trao d6i nhiét
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