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Abstract. An essential parameter in the thermal analysis of heat exchangers is the global heat transfer coefficient. For
some simple configurations, this coefficient may be obtained from literature correlations for the Nusselt number
associated to the duct flows in the heat exchanger. For more complex heat exchanger configurations, the heat transfer
coefficients have been measured by experiments and they may be found in the literature. For many other possible
configurations, there is no information available in the literature about the friction and the convective coefficients for
the flows inside the heat exchanger. One alternative to the experimental tests for each configuration is the numerical
simulation of the flow and heat transfer. In this work numerical simulations of each duct flow of a cross-flow heat
exchanger were performed to obtain the friction and the convective coefficients. The heat exchanger was assumed with
unfinned rectangular ducts, so that the calculated coefficients could be compared with those from analytical
correlations available in the literature, for both laminar and turbulent flow regimes. The numerically obtained heat
transfer coefficients were employed in the &NTU method for the heat exchanger analysis. Since the considered heat
exchanger geometry was very simple, numerical simulations were also performed for the entire heat exchanger,
encompassing both flows and the separation plate. The heat exchanger results obtained from this new procedure were
then compared with those from the previous procedure.

Keywords: cross-flow heat exchangers, global coefficient of heat transfer, numerical simulation, laminar flow,
turbulent flow.

1. Introduction

An ubiquitous equipment in many industries, a heat exchanger is an equipment used to promote the heat exchange
between two or more fluid flows. Solid walls may separate the fluids or they may exchange heat by direct mixture. The
radiators, condensers, economizers and evaporators are examples of heat exchangers.

The purpose of the thermal analysis of a heat exchanger is to determine the rate of heat transfer between the fluids
and to evaluate their outlet temperatures. One essential parameter for this analysis is the global heat transfer coefficient
(U). 1t is associated to the total thermal resistance between the hot and cold fluids in the heat exchanger, including the
convective resistance of both flows and the conductive resistance of the separating walls. Thus, to obtain (U), the
average convective coefficients (h,,) for each fluid flow in the heat exchanger must be known. Due to the complexity of
some flow geometries and flow regimes in many heat exchangers, there are no available analytical results or
correlations for the convective coefficients. This difficulty is usually solved by experiments in the heat exchangers ducts
(Kays, 1955). This procedure however, is restricted only to the configurations tested in a laboratory.

This work was performed with the purpose to develop an alternative to these experimental measurements by means
of numerical simulations of the flow and convective heat transfer in the heat exchanger ducts. The selected
configuration was that of a cross-flow heat exchanger with unfinned rectangular ducts. This was due to both its
simplicity and the availability of analytical results in the literature.

Two independent procedures were used to develop this work. First, the rectangular duct flows were simulated
individually assuming isothermal surfaces at the duct walls. The numerical convective and friction coefficients were
initially compared with correlations from the literature. Then they were employed with the effectiveness method (e-
NTU) to perform the heat exchanger thermal analysis. Second, the cross-flow of both fluids separated by a wall of the
heat exchanger was also simulated. In this case, the imposed conditions for the simulations were the flow rates and the
inlet temperature of both fluid flows. The results obtained from this simulation were the rate of heat transfer and the
outlet temperatures of both fluids, which were compared with those of the first procedure.

Three distinct flow conditions were tested in the cross-flow heat exchanger rectangular ducts. Configuration “A”
refers to laminar flow in both ducts. For configuration “B”, the flow was turbulent in both ducts, and for configuration
“C” the flow was laminar in one duct and turbulent in the other.



2. Heat Exchanger Thermal Model

Pairs of unfinned rectangular ducts constitute the considered heat exchanger. Air was assumed as the fluid in both
ducts, flowing in crossed directions, as indicated in Fig. 1.

Figure 1 — The considered cross-flow heat exchanger

Neglecting any fouling effect on the ducts surfaces, the global heat transfer coefficient may be obtained from Eq. (1).

L +y (M

Where U Global heat transfer coefficient lW/ mz.KJ

A Heat transfer area at the fluids interface [m2 ]

h,;  Mean convective coefficient, cold side lW /m? KJ
h,,,  Mean convective coefficient, hot side |_W /m? KJ
t Interface wall thickness [m]

k Interface wall thermal conductivity [W /m.K]

When the values of (hyy) and (hy,) are obtained, the value of (U) from Eq. (1) may be used in the thermal analysis of
the heat exchanger through the effectiveness-NTU method (Incropera, 2002). The effectiveness is the ratio of the actual
rate of heat exchange (q) to the theoretical maximum (qysx)-

e = 9 _ CQ(Te,q _Ts,q) _ Cf(Ts,f _Te,f) 2

q max Cmin (Te,q - Te,f) Cmin (Te,q - Te,f)

Where Cg Hot fluid thermal capacity [W / K]

Cy Cold fluid thermal capacity [W/K]
Minimum of C,,C; [W/K]

T Fluid temperature [°C]

For the fluid temperature, the subscripts “e” and “s” refer respectively to their inlet and outlet of the heat exchanger,
while the subscripts “f” and “q” refer respectively to the cold and the hot fluids.

For a heat exchanger

e = f(NUT,R) (©)



In this equation, (R) indicates the ratio of the fluids thermal capacity (C,,i/Cinax) and NTU, known as the number of
transfer units, is defined by

UA

NUT = “4)

min

For a cross-flow heat exchanger with both fluids unmixed, the functional form of equation (3) may be expressed
(Incropera, 2002) as

e=1- exp{% NUT** [exp(— RNUT®™ ) -1 } 5)

When the effectiveness is known, the fluids outlet temperatures and the heat exchanger rate of heat transfer may be
obtained.

Toq=Teq ~ C, ’ (6)
eC . \T, —T
Ty = Ty 4 2Cmnllen Tor) ™)
i > Cf
q=8qmax = Scmin (Te,q - Te,f) (8)

3. Numerical Modeling

The flow and the convective heat transfer in each duct and also in the cross flow heat exchanger were simulated
numerically by the method of the control volumes, using the software PHOENICS. In each case the conservation
equations of mass, momentum and energy were solved assuming uniform velocity and temperature at the entrance of
each rectangular duct. Since the flows encompassed the entrance region, the simulations were three-dimensional. As
described previously, both laminar and turbulent flows were considered in the analysis. In the later case, the LVEL
turbulence model (Agonafer, Liao and Splading, 1996) included in the PHOENICS was used.

The convective coefficients (h,,) in each rectangular duct flow were evaluated assuming a uniform wall temperature
equal to the inlet temperature of the other fluid. Due to symmetry, the simulated domain comprised only a quarter of
the duct cross-section, as indicated by the dashed line in Fig. 2 (a).

For the simulation of the cross-flow heat exchanger, the adopted symmetry was that due to a heat exchanger with
several parallel plates. In this case the flow in one duct exchanges heat symmetrically with both neighbor plates. Due to
this symmetry, the calculation domain for these simulations was that indicated by dashed lines in Fig. 2 (b),
encompassing half height of each duct and the separation plate.

Figure 2 - Numerical domain (a) for each duct (b) for the heat exchanger



4. Results and discussion

Air was assumed as the flowing fluid in both heat exchanger ducts and the separating plates material was
Aluminum. With reference to Fig. 1, the dimensions employed are indicated in Table 1.

Table 1. Characteristics of heat exchanges simulated.
L [mm] H [mm] t [mm]
200 5 1

Work fluid: Air
Plate Materials: Aluminum (k = 204 W /mK)

In the first calculation procedure, the values of (h,,) were obtained from the numerical simulations of the hot and
cold flows in each rectangular duct. The computational mesh associated to the domain indicated in Fig. 2 (a) is
presented in Table 2.

Table 2. Grid used on simulation of each channel separately.
Laminar Flow | Turbulent Flow

XY | Z ]| X Y Z

Ducts

Duct1 - (Cold Fluid) | 19 | 19 | 38 | 19 | 70 | 38

Duct 2 - (Hot Fluid) | 19 | 19 | 38 | 19 | 70 | 38

The computational mesh used for the heat exchanger domain indicated in Fig. 2 (b) is presented in Table 3. The
numbers presented in Tables 2 and 3 correspond to the number of control volumes used in the calculation domains, in
order to obtain grid independence results.

Table 3. Numerical Grid for the Three Heat Exchanger Configurations.
Configuration A Configuration B Configuration C
Laminar - Laminar | Turbulent - Turbulent | Laminar - Turbulent

X Y z X Y z X Y z

Heat Exchanger

Duct 1 - Cold Fluid | 38 19 38 38 70 38 38 19 38

Interface - Plate 38 2 38 38 2 38 38 2 38

Duct 2 — Hot Fluid 38 19 38 38 70 38 38 70 38

The results from the simulations for each duct with laminar flow are presented in Table 4. The variable (u) refers to
the flow uniform entrance velocity in each duct and (Re) is the Reynolds number. The results include the average
Nusselt number (Num), the average friction coefficient (f;,) and the duct flow pressure drop (AP). The values of (Re)
and (Num) are based on the hydraulic diameter of each duct. Table 4 also includes results obtained from literature
(Kays, 1993) using correlations valid for the fully developed regime and for the thermal entrance region of rectangular
duct flows.

It is observed that the numerical values of the average convective coefficient (h,,) and the friction factor (f,) are
larger than those obtained from the literature for the fully developed flow and for the thermal entrance region. This is to
be expected, since the velocity and thermal boundary layer development at the duct entrance was present only in the
numerical simulations. The values of the velocity and the temperature at each duct inlet were chosen arbitrarily,
considering only that the duct flows should be in the laminar regime. The fluid properties were evaluated at their mean
bulk temperature between the entrance and outlet of the duct. This procedure demanded an iterative procedure, since the
fluid outlet temperatures were not known. The differences in the presented values of (f,,) for the fully developed flow
and for the thermal entrance region are due to distinct values of the bulk temperatures at the duct outlet for these two
conditions.



Table 4 — Comparative Results when Both Duct Flows were Laminar.

Duct 1 - Cold Fluid Duct 2 — Hot Fluid
Variable Developed Thermql Numerical Variable Developed Thermql Numerical
Inlet Region Inlet Region

u[m/s] 2 2 2 u[m/s] 1 1 1

Re 1200 1193 1187 Re 551 553 554
T, [°C] 60 60 60 T, [°C] 20 20 20
T, ¢ [°C] 20 20 20 T, q[°C] 60 60 60
T, [°C] 39.4 413 132 | TlC] 294 28.6 27.8
Nu,, 7.1 8.1 9.1 Nu, 7.1 75 8.0
h[Wm2k| | 187 215 243 | hp[wm2k|| 196 208 222
f 0.01935 0.01946 0.02380 | fp 0.04210 0.04201 0.04640
AP[Pa] 3.65 3.67 4.46 AP[Pa] 1.89 1.89 2.09

The thermal analysis for the cross-flow heat exchanger corresponding to the duct flows considered in Table 4 was
performed and the results are presented in Table 5. The convective coefficients presented in Table 4 were used in the
effectiveness method to obtain the results presented in columns (1), (2) and (3) of Table 5. The results obtained from the
simultaneous simulation of both cross-flows separated by the plate are presented in column (4). It is noticed that the
values in columns (3) and (4) are very close to each other, the values of (q) and (U) are within 3 %, and the bulk
temperature changes for both fluids were no more than 2 % from each other.

Table 5. Heat Exchanger Comparative Results - Configuration “A”.

ConfiglIJration A (e-NUT) Analysis Numerical
Flow

Laminar - Laminar %Oel\lfjg?or;)e(il) Therglgiuhrﬂgt (lizzgion ?\?)Jumnggcg) CI:\(Ijlllumrgr?c(aAi)
ug [mis] 2 2 2 2
ug[ms] 1 1 1 I

Re; 1240 1238 1236 1235
Re, 533 536 536 537
Ulwm? K| 9.6 10.6 1.6 1.9
T [°C] 20 20 20 20

T, [°C] 282 28.8 293 295
T, q[°C] 60 60 60 60
T, [°C] 42.0 40.9 39.8 39.4
q[w] 19.5 20.7 21.9 223




The numerical results for the duct flows when both are in the turbulent regime are presented in Table 6. The values
predicted by correlations presented in the literature (Kays, 1993) for fully developed turbulent flow are also indicated in
Table 6. The value of (Num) was obtained from the Gnielinski correlation and the average friction factor (f;,) was
evaluated from the Petukhov equation, as indicated next.

T (Re—1000)Pr

Nu, = 2 )

1+12,7 [f;jm(lﬁr“q)

o [0,791n(Re) - 1,64]

m 4 (10)

Similarly to Table 4, the results in Table 6 show that the numerical values of the average convective coefficient (h,,)
and the friction factor (f;,) are larger than the corresponding values obtained from the literature correlations. This
difference is due to the simultaneous flow and temperature development at the duct entrance, which was considered
only in the numerical simulations.

Table 6. Comparative Results for Both Ducts with Turbulent flow

Duct 1 — Cold Fluid Duct 2 — Hot Fluid

Variable Developed. | Numerical Variable Developed. | Numerical
u[mys] 20 20 ums] 20 20
Re 12290 12182 | Re 10474 10562
T, [°C] 60 60 T, [°C] 20 20
T, ¢ [°C] 20 20 T, q[°C] 60 60
T, [°C] 312 342 | T [°C] 48.5 453
Nu,, 35.9 475 Nu,, 31.4 4.5
h,[Wm?K| | 940 1251 | hylwm?k|| 891 120.1
f 0.007434 | 0.008960 | f, 0.007769 | 0.009152
AP[Pa] 142.2 170.6 | AP[Pa] 135.6 160.5

The results presented in Table 6 were used to perform the thermal analysis of the corresponding cross-flow heat
exchanger with both flows in the turbulent regime (configuration “B”), presented in Table 7. In this table, columns (1)
and (2) show the results obtained from the effectiveness method with the heat transfer coefficients (h,,) from Table 6.
The results obtained from the direct numerical simulations of the cross-flow heat exchanger are presented in column
(3). It is noticed again that the results in columns (2) and (3) are very close. The values obtained for (U) and (q) are
within less than 3 % from each other, and the bulk temperature changes for both fluid flows are less than 4 % from each
other.



Table 7. Heat Exchanger Comparative Results - Configuration “B”

Configuration B (e-NUT) Analysis Numerical
Turbulerljtlcivylisurbulent Sl By Colump (2) Colunq (3)
Developed | Numerical | Numerical
ug [ms] 20 20 20
ug [mis] 20 20 20
Reg 12514 12462 12456
Re, 10313 10355 10359
Ulwim?K| 45,7 61,3 63,1
T [*C] 20 20 20
T, [°C] 25,1 26,5 26,6
T, [°C] 60 60 60
Toq[C] 543 52,8 52,6
q[W] 120,5 153,4 157,0

The results obtained from the numerical simulations for each duct, one with laminar flow and the other in the
turbulent regime — configuration “C” are presented in Table 8. The values obtained from literature (Kays, 1993)
correlations for fully developed flows are also presented in Table 8. Again, the average convective coefficients (h,,) and
friction factors (f,) are larger the corresponding fully developed values, for the same reasons considered before.

Table 8. Comparative Results with Laminar and Turbulent Duct Flows

Duct 1 - Cold Fluid

Duct 2 — Hot Fluid

Variable Developed. | Numerical Variable Developed. | Numerical
u[m/s] 2 2 u[m/s] 45 45
Re 1200 1187 Re 23468 23539
T, [°C] 60 60 T, [°C] 20 20
T, [°C] 20 20 Teq[°C] 60 60
T, [°C] 39.4 532 | T,[d] 50.0 48.9
Nu,, 7.1 9.1 Nu,, 59.1 67.3
h[wm?k| | 187 243 | hy|wm?K| | 168, 191.0
f 0.01935 0.02380 | fi 0.006279 | 0.006665
AP[Pa] 3.65 4.46 AP[Pa] 553.4 588.5

The results for the heat exchanger considering the conditions presented in Table 8 and the effectiveness method are
indicated in columns (1) and (2) of Table 9, corresponding to configuration “C”. The results obtained from the direct
heat exchanger simulation are indicated in column (3). In columns (2) and (3) the values of (U) and (q) are within 4 %
from each other. The cold fluid bulk temperature changes are within 5 % and the hot fluid temperature changes are
within 0.1 °C.




Table 9. Heat Exchanger Comparative Results - Configuration “C”

Configuration C (e-NUT) Analysis Numerical
Laminalil?'lvylirbulent Colunm (1) Colunm (2) Colunm 3)
Developed | Numerical | Numerical
uf[m/s] 2 2 b
ug[mis] 45 45 45
Re, 1207 1195 1193
Re, 22913 22922 22930
Ulwm? K| 16.8 21,6 232
T [°C] 20 20 20
T, [°C] 37.4 40,8 418
Tq[°C] 60 60 60
Ty [°C] 59.2 59,0 58,9
q[W] 40.4 48,0 50,3

5. Conclusions

An analytical and numerical procedure was applied for the thermal analysis of a cross-flow heat exchanger with
unfinned rectangular ducts under distinct flow regimes. The global heat transfer coefficient (U) was obtained by two
procedures. First, the average convective coefficient (h,,) for each heat exchanger duct flow was obtained numerically,
assuming a uniform wall temperature thermal boundary condition. These values were employed in the e-NTU method
of the heat exchanger thermal analysis. The results thus obtained included the global heat transfer coefficient and the
heat transfer rate within the heat exchanger, as well as the fluids outlet temperatures. In the second procedure, the
numerical simulations were performed for a symmetrical region of the cross-flow heat exchanger encompassing the
cross-flows and the separation plate. In this case, the heat exchanger thermal analysis was obtained directly from the
numerical simulations, without any need to apply the effectiveness method. The results obtained from both procedures
compared very well. For example, the values of (U) and (q) were within 4 % from each other for the three flow
configurations considered in the simulations.

A simple cross-flow heat exchanger with unfinned rectangular ducts was considered in this work due to the purpose
to perform simulations not only for each single duct, but also for the entire heat exchanger, with a minimum
computational effort. The results obtained indicated that the simulations for the single ducts assuming isothermal walls
can be applied to predict the cross-flow heat exchanger performance through the effectiveness — NTU method. Next,
this approach will be applied to cross-flow heat exchangers with more complex duct geometries.
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