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Abstract

The paper deals with the results obtained during experimental research of the heat transfer performances of cross-flow heat exchanger
with highly viscous fuel oil flowing normal to the tube bundle with Re < 1 and Pr ~ 2000. Experimental research was performed on the
oil cooler that consist of 50 in-line, with 10 mm outside tube diameter, 100 mm tube length, with both longitudinal and transversal tube
pitch of 19.5 mm. Comparison of experimental results with equations from literature sources showed that dispersion of measured and
calculated values is significant. In order to obtain more accurate equation statistical analysis was performed and dimensionless equation

in the form

Pr 0.25
Nup = 3.17 - RelL - P/ . (PT)
w

is obtained. Similar form of equation can be obtained when Reynolds—Colburn analogy is applied on previous experimental research of

pressure drop.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Shell-and-tube heat exchangers and double-pipe heat
exchangers are commonly used for heating or cooling of
highly viscous fluids, such as fuel oils. Cross-flow heat
exchangers can also be used for same purposes, with vis-
cous fluid flowing normal to a tube bundle. The problem
of cooling of highly viscous fluid flowing outside tube bun-
dle is treated in few open literature sources, especially in
case of low Reynolds and high Prandtl numbers.

In order to further investigate the problem we have built
experimental setup with two cross-flow heat exchangers,
presented in Fig. 1. The main elements of experimental
setup are: storage tank (pos. 1), pump (3), cross-flow heat
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exchanger — heater (4), cross-flow heat exchanger — cooler
(5) and atmospheric steam boiler (7). Process fluid (water
and highly viscous heating oil) was heated by saturated
steam at atmospheric pressure in heat exchanger 4, and
than cooled by cold tap water in heat exchanger 5. Electric
boiler (6 kW) was used for steam production. Steam con-
densed in exchanger 4 and condensate returned to boiler,
passing through reservoir (6) with steam trap (11). Addi-
tional cooling of process fluid was done in the storage tank
by pipe coil in order to achieve more stationary conditions.
Test heat exchanger was cooler. Flow rates were controlled
by valves (2, 8, 9 and 10). Process fluid flow rate was varied
from 0.036 kg/s to 0.847 kg/s. Cold water flow rate was in
order 0.59-0.84 kg/s providing laminar and transition flow
in tubes.

Both heater and cooler consist of 50 vertical bare cooper
tubes, with D/d=10/8 mm tube diameter. The tube
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Nomenclature

a,ay,a, parameters

p specific heat capacity at constant pressure
J/(kg K)

Cr correction factor for the number of tube rows

d inner diameter of tube (m)

D outer diameter of tube (m)

fa arrangement factor

k overall heat transfer coefficient (W/(m? K))

L characteristic length (m)

LMTD logarithmic mean temperature difference (°C)

7] mass flow rate (kg/s)

MTD real mean temperature difference (°C)

n number of experimental runs

N number of tube rows

NTU number of transfer units

Nup  Nusselt number calculated using characteristic
length D

Nuy, Nusselt number calculated using characteristic
length L

p heat efficiency parameter P = =4

Pr Prandtl number Pr = %+

0, W heat duty

R ratio of heat equivalents R = i~

e —hj ..
Rep  Reynolds number calculated using characteristic

length D and velocity in minimal cross-section

Reynolds number calculated using characteristic

length D and velocity in empty channel

Re;, Reynolds number calculated using characteristic
length L and velocity in minimal cross-section

Re Dc

S tube pitch (m)

S heat transfer surface calculated for outside tube
diameter (m?)

t temperature (°C)

w fluid velocity (m/s)

z; measured value of parameter z in the ith exper-
imental run

z5 correlated value of parameter z in the ith exper-

imental run

Zay average value of parameter z for the complete

>
Z:
— i=1""

set of the experimental data z,, = <=

Greek symbols

o heat transfer coefficient (W/(m? K))

Ay standard deviation 4,, =

Amy uncertainty of mass flow rate measurement
(ke/s)

At uncertainty of temperature measurement, char-
acteristic temperature difference (°C)

Agt unsteadiness of working regime

€ correction factor for mean temperature differ-
ence

A thermal conductivity (W/(m K))

u dynamic viscosity (Pa s)

v kinematic viscosity (m?/s)

p density (kg/m?)

14 friction factor (loss coefficient) in Darcy—Weis-

bach form of pressure drop equation

Subscripts and superscripts

1 hot

2 cold

av average

c channel

i inlet/inside
1 longitudinal
lam laminar

m mean

max maximal
min minimal

0 outlet/outside
t transversal
tur turbulent

w wall

arrangement is in-line with s; = s, = 19.5 mm longitudinal
and transversal pitch, placed in 100 x 100 mm channel.
Heat exchangers contain N = 10 tube rows each with 5
tubes in a row. Viscous fluid used in experiment was heavy
fuel oil with the following properties in temperature range
from 25 °C to 100 °C

p =976 —0.677 - t, kg/m’ (1)
c, = 1644 +3.84 -1, J/(kg K) (2)
2 =0.075W/(mK) (3)
v=1.71x10"° exp <2236> m?/s (4)

where ¢ is fluid temperature in °C.

All temperatures were measured with calibrated labora-
tory thermometers with 0.1 °C accuracy. Temperatures of
process fluid were kept in range 24-62 °C corresponding
to Prandtl numbers from 4.7 (minimal value for water) to
2315 (maximal value for oil). Fluid flow rates of process
fluid and cold water were measured by volume-time mea-
surement method.

2. The calculation of experimentally obtained heat transfer
coefficient

Three heat duties can be calculated from each set of test
data for cooler:
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Fig. 1. Experimental setup.

e heat duty calculated for hot fluid

O =1ty - e - (ti — tho) (5)
e heat duty calculated for cold fluid

Qz =1 - ¢ - (tao — 1) (6)
e mean value of heat duty

. D ¢

Qm _ Ql 5 QZ (7)

Unstationarity of working regime is defined by

. . 2 . . 2
V(0 = 0u)’ + (02~ 00)
Onm
and in further analysis measurements were treated as stea-
dy-state and taken into account in cases when Ay was less
than 7%.

Following heat duties take into consideration the uncer-
tainties of measurements of the fluid flow rates and bulk
temperatures

Ay = (8)

O max = (it + Ariny) - cp1 - (1 — tio + 2+ AY) 9)
Olmin = (i) — Atiy) - 1 - (i — tio — 2 - AY) (10)
Ormax = (112 + Atina) - ¢+ (1 — toi + 2+ AY) (11)
Ormin = (g — Atity) - ¢y - (tao — tai — 2 - A¥) (12)

Mean temperature difference for cross-flow heat exchang-
ers is calculated by

MTD =¢-LMTD (13)
where
e LMTD,,;,, °C is the minimal value of mean logarithmic

temperature difference which take into account the
uncertainty of temperature measurements

(ti —tho —2-At) — (t1o — b
1i—tho—2-At
to—tyi—2-At

LMTD,,;, = =2 A1)

(14)

e LMTD,,,.,, °C is the maximal value of mean logarithmic
temperature difference which take into account the
uncertainty of temperature measurements

ti —to +2-At) — (t1o — tai + 2 - A7)
Hi—to+2-At
to—tyi+2-At

LMTDyx = (

(15)

e ¢ is the correction factor for mean temperature differ-

ences for cross-flow heat exchanger with hot fluid mixed

and the cold fluid unmixed
In ( 1-P )

I—R-P

T NTU,- (R—1)

e NTU, is the number of transfer units (NTU,) for cold
fluid

(16)

NTU, :%-m 1 (17)

1
t=fn{ ’-[HPR'P)”N]}

Four overall heat transfer coefficients (reduced to the out-
side tube diameter) are determined as follows:

ki max = S%+Dm (18)
ki min = Sﬁ‘if“m (19)
by max = S%;Dm (20)
k2 min = Slglz;ll;m( (21)

Mean overall heat transfer coefficient (referent value of k
reduced to the outside tube diameter) is calculated as
follows:

kl,max + klAmin + k27max + k24min

km =
4

(22)

and the heat transfer coefficient for fluid flowing normal to
tube bundle is

(23)

where the heat transfer coefficient for fluid flowing through
the tubes (o) is calculated using Hausen’s equation [1] for
turbulent and Schmidt’s equation [2] for laminar flow. In
further text « will be used instead of .



S.B. Genié et al. | International Journal of Heat and Mass Transfer 50 (2007) 1288-1294 1291

3. Experiments with water flowing normal to a in-line tube
bundle

In order to check the experimental procedure the exper-
iments with water as the process fluid were performed.

3.1. Open literature survey for fluid flowing normal to a in-
line tube bundle

Gnielinski [3] proposed the correlation for heat transfer
in cross-flow across the tube bundle that is mostly cited in
referent books (for example in [4-7]). For the cooling of
liquid in heat exchanger with 10 or more tube rows with
in-line tube arrangement, the Nusselt number is calculated
using

o-L
Nup = —
A

Pr 0.11
= (0.3 + /N +Nut2ur> fa- (Pr—) (24)

where

e Nuy,,, 1s the Nusselt number in case of laminar flow
Nutgam = 0.664 - /Re; - v/ Pr (25)
e Nuy,, 1s the Nusselt number in case of turbulent flow

0.037 - ReMS - pr/3

Nug, = 26
M1 42443 - Re O (PP - 1) (26)
e Re;y is the Reynolds number
-L
Rep = — = _ (27)
v (1-52)
e fa is the arrangement factor
0.7 1-0.3
Sa=1+ . (28)

(1f§~i—;)1'5. (j—:+o.7)2

The characteristic length in Reynolds and Nusselt numbers
is

=" (29)

Fluid velocity is calculated for minimal flow area of tube
bundle and the fluid properties (except Pr,,) are evaluated
at the average temperature of fluid. The domain of Eq.
(24) is Re; = 10-10° and Pr = 0.6-1000.

In [8] the following correlations for in-line tube bundle
are given

«-D 0.855 - Rel® - Pr'3 for Re = 1-100
Nup = = 0492  p.1/3
A 0.548 - Re%¥ . Pr'/3 for Re = 100-300
(30)

In [9] Bell gave the following equation for in-line (so-
called 90° arrangement with s = s) tube bundle

Nup = %
—a- <1.33 -D>a ‘R P (“)M (31)
St Hy
where « is calculated using
1.187

_ 32
“T170.14 RS (32)

Parameters a; and a, are to be taken from Table 1.
Zhukauskas in [10] proposed the following correlation
for tube bundle:

a-D

P\ 025
Nup = =0.52- Re%5 - P36 (—) e (33)

Pry,

for range Rep = 100-1000. Parameter ¢, takes the number
of tube rows into account.

Correlations (30), (31) and (33) are based on outer tube
diameter as the characteristic length and fluid properties
evaluated on average temperature. Reynolds number for
these correlations is defined as

Rep=—— (34)
v

using fluid velocity in the minimal flow area of tube bundle.

3.2. Results and discussion for experiments with water

Twenty five experimental runs with water flowing across
the tube bundle were performed in the following range:

e mass flow rate 7i; = 0.027-0.067 kg/s;
e temperature t; = 39-24 °C;
e Prandtl number Pr=4.7-6.1.

Eq. (24) gave very good agreement with experimental
results (4,, = 8.2%), as can be seen in Fig. 2. The range
of Reynolds number was Re; = 186-495, and the range
of laminar and turbulent Nusselt numbers calculated using
(25 and 26) is Nuam/Nug, = 3.35-4.85.

For other three correlations (30), (31) and (34) the range
of Reynolds number is Rep = 71-188, and it must be noted
that they show very poor agreement with experimental
results  (4,,(30) =45.2%, A4,,31)=54.7%, A4,,33)=
45.5%), as presented in Fig. 2.

General conclusion is that the correlation of Gnielinski
(30) can be assumed as reliable.

Table 1
Parameters a; and a,
Rep a, a,
100-1000 0.408 0.540
10-100 0.900 0.369
<10 0.970 0.333
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Fig. 2. Correlation field for experiments with water.

4. Experiments with highly viscous fuel oil flowing normal to
a in-line tube bundle

Experiments with fuel oil in cross-flow over tube bundle
were performed in the following range (24 experimental
runs):

e mass flow rate ri; = 0.034-0.075 kg/s;
e oil temperature t; = 62-47 °C;
e Prandtl number Pr = 1910-2370.

Statistical parameters for correlations (24), (30), (31)
and (33) are given in Table 2 and measured and calculated
values for o are presented in Fig. 3. The range of laminar
and turbulent Nusselt numbers calculated by (25) and
(26) is Nupam/Nug,, = 23-34.

Since the correlation of the experimentally obtained and
calculated heat transfer coefficients is very poor, further
investigation was performed. Since the Reynolds number
and Nujam/Nuw,, = 23-34 indicates deeply laminar flow
regime and the tube pitch is large s/D =s/D =1.95 we
have asked ourselves can we treat the flow regimes as the
ones for single tube in cross-flow.

4.1. Literature data on flow of viscous fluid normal to a single
cylinder

In [11] Gnielinski states that, for a single tube, “in the
region of very low Reynolds number (Re; < 1) the thick-
ness of the boundary layer is not small compared to the

Table 2
Statistical parameters for correlations (24), (30), (31) and (33)

Correlation Reynolds number Aoy, %o
(24) Re; =1.83-4.95 69.5
(30) Rep=0.7-1.88 52.1
(31 77.9

(33) 89.9

I
O eq.(24)
O eq.(30)
00— 3% eq.(31)
v eq.(33)
ae
2
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B
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Fig. 3. Correlation field for experiments with fuel oil for correlations (24),
(30), (31) and (33).

dimensions of the tube” and recommends the following
equation:

-L
Nup =25 = 075 - /Rey r (35)
For Eq. (35) characteristic length is calculated using (29),
velocity is in minimal cross-section area, and fluid proper-
ties are evaluated at the average fluid temperature.
Whitaker [12] proposed a correlation in the form

Nup = —
A

1/4
- (0.4-Re,1)/02 +0.06 ~Re12)/c3) P04 <“> (36)
Hy
in which all properties (except ) are evaluated at average
fluid temperature. Eq. (36) is valid for Rep.= 1-10°,
Pr=10.67-300 and p/p,, = 0.25-5.2.
The correlation proposed by Zhukauskas [13]is given by

o-D Pr 0.25

where Rep. = 1-40, Pr > 10 and thermophysical properties
(except Pry,) are evaluated on average fluid temperature.

Churchill and Berenstein [14] proposed the equation
that covers the range Rep.- Pr> 0.2 in the form

Nup = ——
A

0.4 - Reyl’ - pPr'/? Repe \*
+ L (28 65(6)0) (38)
1+ ] |

where all properties are evaluated on film temperature.
Reynolds number in correlations (36)—(38) is defined in
the following form:

we - D

=03

ReDC =

(39)
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Table 3

Statistical parameters for correlations (35)—(38)

Correlation Reynolds number Aay,Yo
(35) Re; = 1.83-4.95 65.6
(36) Rep.=0.35-0.94 79.8
37) 74.4
(38) 80.3

where w, is the fluid velocity based on empty channel flow
area.

4.2. Results and discussion for experiments with highly
viscous fuel oil

Statistical parameters for correlations (35)—(38) are
given in Table 3, and measured and calculated values for
o are presented in Fig. 4.

Eq. (35) is also tested against measured values in rear-
ranged form

oL P\ 0!
Nu; = = 0.75-v/Rey - Pr- fx - (Pr—> (40)
which Gnielinski [4] has found suitable for tube bundle.
Standard deviation for Eq. (40) is 4,, = 60.4%, and mea-
sured and calculated values are presented in Fig. 4.
General conclusion is that the measured values are
greater than calculated for all experimental runs, so we
have tried to establish the new correlation. Since the Nus-
selt number shows weak dependency on Reynolds number,
we have found that the following correlation is suitable:
a-D Pr

0.25
Nup === = 3.17 - Rell - /3 (Prw) (41)

with 4,, = 4.78%. Correlation (41) is presented graphically
in Fig. 5. Fluid properties for Eq. (41) are taken at average
fluid temperature.

250
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Fig. 4. Correlation field for experiments with fuel oil for correlations (36)—
(38) and (40).
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Fig. 5. Experimental results and correlation (41).

It must be noted the following. Lapple and Shepherd
[15] gave the equation for determination of the friction fac-
tor for cross-flow over a single circular cylinder in the form

24.72
f = W (42)
€pe

which they have found to be valid for Rep.<2. If the
Reynolds—Colburn analogy (as described in [16]) is applied
on Eq. (42) the Nusselt number is

o-D

N =
Up 2

=3.09 - Rey), - P2 (43)

which gives a similar form when compared with the corre-
lation (41).

5. Conclusion

Subject of this article is a research of the intensity of
heat transfer during the cross-flow of highly viscous fluid
in tubular heat exchanger. In order to test the correlations
from the open literature experimental research was per-
formed on cooler that consists of 50 bare cooper tubes,
with 10/8 mm outside/inside tube diameter, 100 mm tube
length, with both longitudinal and transversal tube pitch
of 19.5 mm and in-line arrangement.

The verification of experimental setup was performed
using water as a fluid in cross-flow (25 working regimes),
and it was found that Gnielinski correlation is suitable
one for describing the process.

Experimental research on cooling of highly viscous fluid
in tubular cross-flow heat exchanger includes 24 working
regimes. It was found that the correlations from literature
sources give significant scattering when they were com-
pared to the measured values of heat transfer coefficient.
For highly viscous fuel oil flowing normal to tube bundle
with Rep. <1 and Pr=1910-2370, in case of oil cooling,
it was found out that the correlation
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O(-D Pl’ 0.25
=317 R - P [ =— 41
/l eDc P}"W ( )

NMD =

describes the phenomenon with standard deviation 4,, =
4.78%. Similar form of equation can be obtained when
Reynolds—Colburn analogy is applied on Lapple and Shep-
herd [15] experimental research of pressure drop.
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