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Abstract

Heat transfer and pressure drop characteristics of an absorbent salt solution in a commercial plate heat exchanger serving as a solu-
tion sub-cooler in the high loop of triple-effect absorption refrigeration cycle was investigated. The main objectives of this research were
to establish the correlation equations to predict the heat transfer and pressure drop and to analyze and optimize the operating parameters
for use in the design of absorption systems.

In order to conduct above studies, a single-pass cross-corrugated ALFA-LAVAL plate heat exchanger, Model PO1-VG, with capac-
ity of 14,650 W (50,000 Btu/h) was used. In order to evaluate the performance, hot solution inlet temperatures from 55 �C (130 �F) to
77 �C (170 �F), and inlet temperature differences from 14 �C (25 �F) to 20 �C (35 �F) were used. The cold side of the heat exchanger was
operated to match the equal heat capacity rate of hot side.

Based on the empirical models proposed in the literature, a program was developed and experimental data were curve fitted. From the
best-fitted curves, the power-law equations for heat transfer and pressure losses were established and the performance was evaluated.

In the hot salt solution side, the Reynolds number was varied from 250 to 1100 and the resulting Nusselt number varied from 7.4 to
15.8. The measured overall heat transfer coefficient Uoverall varied from 970 W/m2 �C (170 Btu/h ft2 �F) to 2270 W/m2 �C (400 Btu/
h ft2 �F) and the Fanning friction factor in the absorbent side of the heat exchanger varied from 5.7 to 7.6. The correlation equations
developed to predict the heat transfer and friction factor perfectly agree with the experimental results. Those equations can be used
to predict the performance of any solution with Prandtl numbers between 82 and 174, for heat exchangers with similar geometry.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In multi-effect absorption machines, the equipment size
is controlled by the mass and heat transfer rates in the high
stage absorber. Previous studies have shown that the limit-
ing mechanism in the absorption process is mainly chemi-
cal diffusion and heat transfer [1–4]. It is obvious that
enhancement of the absorption process reduces the physi-
cal size and weight of the overall absorber and lowers the
overall power consumption of the system.
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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The spray absorption process is an adiabatic process.
Therefore using a spray absorber to enhance the mass
transfer rates as compared to a conventional absorber
requires the addition of an external heat exchanger (sub-
cooler), as is illustrated in Fig. 1. To optimize the size of
the unit, characterizing and optimizing the sub-cooler is
important to successfully implement the spray absorption
concept. In this work, a commercially available plate heat
exchanger with an absorbent salt solution LZBTM, supplied
by Trane Company, as the heat transfer fluid is used for
investigation.

The main objectives of this work are to specify the best
suited heat exchanger configuration, define the optimum
operating conditions, and to discuss the advantages and
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Nomenclature

a plate thickness, m (in.)
AC minimum cross-sectional area of single flow pas-

sage, m2 (in.2)
At total heat transfer surface area, m2 (ft2)
A, B, C, D constant and exponents for correlation equa-

tions
CP specific heat at constant pressure, J/kg �C (Btu/

lbm �F)
Dh hydraulic diameter based on minimum free flow

area, m (in.)
f Fanning friction factor
F LMTD correction factor
Ft heat exchanger fouling factor
G flow field mass velocity, kg/m2 s (lbm/ft2 min)
h film heat transfer coefficient (hH or hC), W/

m2 �C (Btu/h ft2 �F)
H internal height of the corrugation, m (in.)
kF conductivity of solution, W/m2 �C (Btu/h ft2 �F)
kP conductivity of plate material, W/m2 �C (Btu/

h ft2 �F)
L approximate lateral length, m (ft)
LMTD log-mean temperature difference, �C (�F)
Lt total length of flow passages, m (ft)
_m mass flow rate, kg/s (lbm/min)
n number of furrows across heat exchanger
Nu average Nusselt number
p corrugation pitch, m (in.)

P wetted perimeter, m (in.)
Pr Prandtl number
DP pressure drop across the heat exchanger, Pa
Q heat transfer from specified side, W (Btu/h)
r experimental results
Re Reynolds number
DT temperature difference, �C (�F)
Um flow stream mean velocity, m/s (ft/min)
U overall heat transfer coefficient, m/s (ft/min)
UX j uncertainty in each measured variable
Xj experimental parameters

Greek symbols

h included angle between corrugation (theta), de-
gree

l viscosity, kg/m s (lbm/ft min)
q density of solution, kg/m3 (lbm/ft3)
ei small perturbation of the variable Xi

Subscripts

INLET inlet conditions
MEAN mean value between inlet and outlet
OUTLET outlet condition
CAL calculated results
EXP experimental results
f free stream condition
w wall condition

Fig. 1. Spray absorber with solution sub-cooler (HX).
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Fig. 2. Unitary cell of heat exchanger.

Table 1
Instrument and operating errors

Error source % Uncertainty value

Instrument error

Temperatures (thermocouples)
Hot inlet temperature 0.12 �C (0.2 �F)
Hot outlet temperature 0.12 �C (0.2 �F)
Cold inlet temperature 0.12 �C (0.2 �F)
Cold outlet temperature 0.12 �C (0.2 �F)

Pressures (gauges)
Hot side differential pressure 0.1
Cold side differential pressure 0.1

Fluid flows (meters)
Hot side flow 0.2
Cold side flow 0.2

Exchanger dimensions
Corrugation pitch 0.0003 m (0.01 in.)
Internal height of corrugation 0.0003 m (0.01 in.)
Included angle 0.0003 m (0.01 in.)

Operating errors

Exchanger geometries
Minimum cross-sectional area 3.3 � 10�6 m2 (0.005 in.2)
Total heat transfer surface area 0.0003 m2 (0.5 in.2)

Exchanger conditions
Wall temperature 0.67 �C (1.2 �F)
Inlet loss coefficient 4
Exit loss coefficient 4
Fouling factor correction 1.5

Solution properties at mean temperature
Density 2
Viscosity 3
Specific heat 3
Prandtl number 1.5
Reynolds number 5
Nusselt number 0.12
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disadvantages of using a plate heat exchanger as a solution
sub-cooler in the high stage of multi-effect spray absorption
systems. The differences of optimum conditions, as com-
pared to existing systems, are based on separating the heat
and mass transfer processes, the effect of thermal and
chemical properties of the salt solution on heat transfer,
and pressure drop and its performance under different
operating conditions.

Based on the previous studies of Lawry [5], McKillop and
Dunkley [6], Troupe et al. [7], Jenson [8], Marriott [9],
Cooper [10], Raju and Bansal [11,12] and Edwards [13] on
heat transfer in liquid–liquid heat exchangers, a plate type
heat exchanger was selected to be used with high viscous
and highly temperature dependent solutions. The advanta-
ges of using plate heat exchangers with these types of solu-
tions are very significant. Even with highly viscous and low
flow rate flows, turbulent or at least swirl can be obtained
due to the construction features of the plate heat exchanger
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Fig. 3. Schematic of the plate heat exchanger test loop.



Table 2
Total uncertainty results

Overall heat transfer coefficient (experimental) 2.0%
Fanning friction factor (experimental) 1.5%
Overall heat transfer coefficient (calculated) 2.25%
Fanning friction factor (calculated) 1.95%

Table 3
Characteristic dimensions of the heat exchanger

Basic dimensions

Corrugation pitch (p) 0.0102 m (0.40 in.)
Included angle between corrugation (h) 120�
Internal height of the corrugation (H) 0.0025 m (0.10 in.)
Approximate lateral length (L) 0.0089 m (0.35 in.)
No. of furrows 10

Derived dimensions

Hydraulic diameter (Dh) 0.0043 m (0.17 in.)
Cross-sectional area (AC) 2.58 � 10�5 m (0.04 in.2)
Wetted perimeter (P) 0.0203 m (0.80 in.)
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that enhance the heat transfer. In addition, the ease of assem-
bling and disassembling, the low fouling rate, the ability to
operate with any solution (Newtonian and non-Newtonian)
and the ability to stand extreme operating conditions, the
performance of plate heat exchangers are exceptionally well
compared to all other types of heat exchangers.

As outlined earlier, the experiment used in this study
was designed to measure the overall performance of the
heat exchanger at specified operating conditions. There-
fore, based on the above literature, the following assump-
tions were made to simplify the analyzing of results and
to predict the performance:

� Define the overall heat transfer coefficient, Uoverall,
based on log-mean temperature difference, LMTD, of
the heat exchanger.
� The majority of the heat exchanger flow is hydro-

dynamically and thermally fully developed.
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� Entrance effects and fouling effects are negligible.
� A uniform heat flux (UHF) exists at the boundary

between the hot and cold fluid.
� Calculations of mean temperatures are based on inlet

and outlet conditions.
� Flow parameters are based on the minimum cross-sec-

tional area in the heat exchanger.
2. Heat transfer coefficient

Based on the above flow conditions and analytical
assumptions, the several authors mentioned above have
suggested the following equations to calculate the flow
and heat transfer performance.

1. When considering fluid properties for calculation based
on equal capacity rates, the following equations are used
to find the mean temperatures for both hot and cold
fluid:
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Fig. 5. Curve fitting of overall heat transfer coefficient from high R
Mean fluid temperature ¼ T IN þ T OUT

2
; ð1Þ

Mean wall temperature ¼ T HOT;MEAN þ T COLD;MEAN

2
:

ð2Þ

2. Based on the assumption of uniform heat flux, the fol-
lowing equation is used to find the heat transfer from
each side and hence the overall experimental heat trans-
fer coefficient:

Q ¼ _mCP DT MEAN: ð3Þ
In addition to Eq. (3), Eq. (4) is used to find overall
experimental heat transfer coefficient based on the log-
mean temperature difference (LMTD)

Q ¼ U EXPAt LMTD F ; ð4Þ
where

LMTD ¼ DT INLET � DT OUTLET

lnðDT INLET=DT OUTLETÞ
: ð5Þ
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Based on above equations, the overall experimental heat
transfer coefficient can be calculated using
UEXP ¼
_mCPDT MEAN

At LMTD F
; ð6Þ
where the correction factor F for a single-pass counter-
flow heat exchanger is unity.

3. Based on the empirical correlation developed to model
the heat exchanger, the Nusselt number and hence film
heat transfer coefficient can be found and following
equation can be used to obtain the overall calculated
heat transfer coefficient:
UCAL ¼
1

1
hH
þ 1

hC
þ a

kP
þ F t

; ð7Þ
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Fig. 6. Curve fitting of overall heat transfer coefficient from high Re
where hH and hC are determined using

h ¼ Nukf

Dh

: ð8Þ

4. Based on the heat exchanger plate geometry and mea-
surements, the hydraulic diameter was defined as

Dh ¼
4AC

P
: ð9Þ

5. When evaluating the cross-sectional area and the perim-
eter of the flow path in the heat exchanger based on the
assumption of sine curve as shown in Fig. 2, Focke et al.
[14], Stasiek et al. [15] and Ciofalo et al. [16] suggested to
use the following equations:

AC ¼
3pH sinðh=2Þ

2 sin h
ð10Þ
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and

P ¼ 3L sinðh=2Þ
sin h

: ð11Þ

To find the film heat transfer coefficients, a conventional
approach suggested by Shah and London [17], Kays and
Perkins [18], Shah and Bhatti [19], for plate heat exchang-
ers was used. According to McKillop and Dunkley [6],
Troupe et al. [7], Buonopane et al. [20], Crozier et al.
[21], Marriott [9], Clark [22], Cooper [10] and Edwards
[13], this form is specially suited for heat exchangers having
complicated geometries and when the properties of the flu-
ids are highly temperature dependent. That is

Nu ¼ AReBPrC lf

lw

� �D

; ð12Þ
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where

Re ¼ DhG
lf

ð13Þ

and

Pr ¼ lf CP

kf

: ð14Þ

Typical reported values for turbulent flow of the above
A, B, C and D constants can be found in the literature.
Marriott [9] summarized that these parameters typically
are in the following ranges:

0:15 < A < 0:40;

0:65 < B < 0:85;

0:30 < C < 0:45;

0:05 < D < 0:20:
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However, in the case of heat transfer coefficient for the
turbulent flow with moderate to high Reynolds numbers
with small viscosity variations, Buonopane et al. [20] and
Cooper [10] showed Eq. (15) fairly accurately predicted
the Nusselt number

Nu ¼ AReBPrC: ð15Þ
The flow patterns and the local velocities, which signifi-

cantly affect on the heat transfer coefficient, are highly
dependent on the mass flow rate, the inlet fluid temperature
and the temperature difference between the hot and cold
fluids. The local velocities within the exchanger, which sig-
nificantly affect the performance, can be as high as four
times the average velocity.
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3. Pressure drop

Based on the analysis of heat exchangers, pressure drop
is one of the main parameters to consider when designing
and operating the heat exchanger in system. Limitation
of permissible pressure drops could be based on economic
considerations dictated by pumping costs or process limita-
tions or both. The economic design of plate heat exchang-
ers involves complete utilization of the permissible pressure
drop while determining the heat transfer area requirement.

In a plate heat exchanger, the pressure drop requirements
can be closely met due to the flexibility involved in the choice
of plates with respect to their size, configuration, number
and the arrangement of flow passes. The extensive analysis
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of effects of above factors can be found in Jenson [8], Troupe
et al. [7], Marriott [9], Edwards [13] and Cooper [10].

The pressure drop can be correlated by using the Fan-
ning friction factor defined as
f ¼ DP
1
2
qU 2

m
L

Dh

� � ; ð16Þ
where
Um ¼
_m

ACqn
: ð17Þ
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As defined by Focke et al. [14] and Ciofalo et al. [16],
finding the exact total length of flow passages is a difficult
task. Considering the suggestion of replacing the length to
hydraulic diameter ratio with the area ratio as suggested by
Kays and London [23] removes this problem

Lt

Dh

¼ A
4AC

: ð18Þ
As given by Raju and Bansal [11,12], Edwards [13] and
Focke et al. [14], two general empirical correlations are
used to find the dependence of the experimental friction
factor on the Reynolds number and flow conditions. The
general form of empirical equation for turbulent flow in a
plate heat exchanger is given as
60 65 70 75
m/min)

riment) at Delta T= 14 C (25 F)

lation) at Delta T= 14 C (25 F)

riment) at Delta T= 17 C (30 F)

lation) at Delta T= 17 C (30 F)

riment) at Delta T= 20 C (35 F)

lation) at Delta T= 20 C (35 F)

2060

1960

1860

1760

1660

1560

1460

1360

 
U

ov
er

al
l (

W
/m

2  
K

)

0.46    0.50        0.54         0.58 

g/s) 

ynolds turbulent model calculation at 150 �F inlet temperature.



F.S.K. Warnakulasuriya, W.M. Worek / International Journal of Heat and Mass Transfer 51 (2008) 52–67 61
f ¼ A
ReB : ð19Þ

Typical reported values for A and B are highly variable
and are heavily depends on the corrugation angle, Re num-
ber and Pr number as found in Focke et al. [14].
4. Experimental design

When selecting the equipment and instruments, and
constructing the experimental test stand for heat transfer
testing, the following factors were considered:

� physical size and capacities of the units;
� flow pattern and geometry of the heat exchanger;
� compatibility with the salt solution;
� ease of assembly and disassembly;
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� ease of charging and discharging the system and
� repeatability for continuous operation.

Based on above considerations, an ALFA-LAVAL
model PO1-VG cross-flow cross-corrugated plate heat
exchanger was selected.

A test loop was designed and constructed to accommo-
date the heat exchanger with capacity of 14,650 W
(50,000 Btu/h). The maximum hot side temperature was
77 �C (170 �F) with the corresponding flow rate of 0.61
kg/s (80 lbm/min), and the maximum cold side temperature
was 63 �C (145 �F) and flow rate of 0.23 kg/s (30 lbm/min).

For illustration purposes, the experimental setup is basi-
cally divided to four sub systems, namely the heat exchan-
ger, the hot loop, the cold loop and the control and data
acquisition system. The schematic diagram of the heat
transfer test setup is shown in Fig. 3.
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5. Experimental uncertainty analysis

An uncertainty analysis of the experimental perfor-
mance of the cross-flow heat exchanger will yield the nom-
inal values of the performance parameters (rating, pressure
drops, and exit temperatures) as well as the uncertainty in
each performance parameter resulting from the uncertain-
ties of the heat transfer surface databases, the stream char-
acteristics, and the physical dimension of the heat
exchanger [24]. The affect of the experimental uncertainties
of all the measured values influences the overall calculated
performance of the system.

The error analysis presumes that all input streams, prop-
erties and instrument errors are defined and that the heat
exchanger geometry is known. The experimental result is
computed using data reduction equation having the general
form

r ¼ rðX 1;X 2; . . . ;X jÞ: ð20Þ

Each parameter Xi (i = 1,2, . . . , j) is one of the j measured
variables. The uncertainty of the results is computed to
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first-order accuracy using the root-sum-square product of
the uncertainties in each of the measured variables, UX i ,
and the partial derivatives of the results with respect to
each of the measured variable. That is,

U 2
r ¼

or
oX 1

U X 1

� �2

þ or
oX 2

U X 2

� �2

þ � � � þ or
oX j

UX j

� �2

: ð21Þ

Each partial derivative represents the sensitivity of the re-
sult to small changes in that variable and was evaluated
using the following finite difference approximation:

or
oX i
¼ rðX 1; . . . ;X i þ ei; . . . ;X jÞ � rðX 1; . . . ;X i; . . . ;X jÞ

ei
:

ð22Þ

When using the above equation for analyze, the value of
the ei is considered as the large of Xi/1000 or 10�6. When
determine the uncertainty of operating errors of solution
properties and geometry, the relevant equation is used.
For inlet, the exit loss coefficient, and the fouling factor, the
equations from literature were used [25]. The heat transfer
performance, the pressure drop, the exit temperatures, and
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the associate errors are summarized in Table 1 and the total
uncertainties found for both experimental and calculated
results are given in Table 2.
6. Results and discussion

When designing and selecting a heat exchanger, the
important parameters are the effectiveness and the overall
performance of the device. The effectiveness is a function
of the operating temperatures (LMTD) and the heat
exchanger geometry. In this discussion, those fundamental
quantities that affect the heat transfer and pressure losses
will be considered. The basic characteristic length dimen-
sion (i.e. equivalent hydraulic diameter) was defined based
on the minimum free flow area of the plate heat exchanger.
When developing the equations and relations to express the
geometry of the heat exchanger, the real geometry of the
heat exchanger was closely matched to the corrugated sinu-
soidal ducts. The measured and calculated characteristic
dimensions of the plates of the heat exchanger, as shown
in Fig. 2, are given in Table 3. These geometric parameters
were obtained using Eqs. (9)–(11).
y= -6E-07x2 + 0.0034x +

R2 = 0.9999
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Fig. 12. Effects of Reynolds and Prandtl number on Nussel
The experimental results for the overall heat transfer
rate for different inlet temperatures with varying inlet tem-
perature differences, based on equal heat capacity rates, are
shown in Fig. 4. The experimental results for the overall
heat transfer coefficient, Uoverall, are based on averaging
the overall heat transfer coefficients for both the hot and
cold sides. These results clearly show the dependence of
the heat transfer coefficient on flow rate is more pro-
nounced at low flow rates.

All the basic parameters related to the heat exchanger
geometry, fluid properties and flow conditions were deter-
mined and the main flow parameters such as Reynolds
numbers, Prandtl numbers are calculated and plotted.
The results are then curve fitted. From the above plots
which are shown in Figs. 5–7, the power-law equation
which satisfy the heat exchanger performance is derived as

Nu ¼ 0:292Re0:705Pr0:35: ð23Þ
These figures show that the flows with Reynolds number

of 400 or more, the calculated Uoverall, which are based on
the above equation closely, matched the experimental
results. However, at Reynolds number below 400, the
predicted and experimental results deviate considerably.
 0.4015 
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Re

Re VS Nu

Poly. (Re VS Nu)
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Based on these observations, the necessity of the develop-
ment of a model flow equation that better simulates the
low flow range was identified. From the properties and
parameters that affect for above deviation, and the experi-
mental data at low flow rates, the effect of viscosity and
need for inclusion of a viscosity term in the correlation
was identified. The equation that includes viscosity varia-
tion was developed (see Eq. (21)). These results are shown
in Figs. 8–10

Nu ¼ 0:292Re0:705Pr0:35 lf

lw

� �0:14

: ð24Þ

Figs. 11 and 12 show the effect of Reynolds number and
solution flow rate on the Nusselt number and can be used
to model the performance of larger heat exchangers. These
plots of Nusselt number versus Reynolds number with con-
stant mass flow rate lines and the non-dimensional param-
eter of Nu/Pr0.35 versus the Reynolds number were based
on the power-law equation developed for high Reynolds
numbers.
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When a heat exchanger operates with solutions whose
viscosity change dramatically with the operating tempera-
ture, many factors need to be considered and special cau-
tions need to be taken. The factors that effect for the
performance of heat exchanger under above situation can
be explain as: (1) increased flow resistance at the end of
the channels closer to outlet due to cooling down the fluid,
(2) sedimentary buildups and solidifications at narrow part
of flow passages, (3) cold pockets at the end zone away
from the main flow paths. Due to above specified reasons,
even though the Nusselt number increases with increasing
Reynolds number, due to increase of flow rate, when the
inlet temperature difference increases, the Reynolds num-
ber and hence the Nusselt number decreases, as can be seen
in Fig. 11. However, as seen in Figs. 4 and 11, this can be
overcome either by increasing the inlet temperature of the
solution or decreasing the inlet temperature differences.

Due to this dependency of Nusselt number and Rey-
nolds number on solution flow rate, inlet temperature
and inlet temperature differences, defining the optimal flow
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rate for different operating requirements must be based on
both heat transfer and pressure drop calculations.

Comparison of the Nusselt number at two different hot
inlet temperatures with the same inlet temperature differ-
ence and the same Reynolds number shows a fairly large
decrease of the Nusselt at higher temperatures. This reduc-
tion of Nusselt number, at the same Reynolds number at
higher temperature, is due to the decrease of viscosity
and the reduction of flow rate of the solution. Therefore,
this drop in Nusselt number does not translates into a sim-
ilar drop in effectiveness.

Fig. 12 shows that the dependence of Nu/Pr0.35 on
Reynolds number, that reflect the dependence of the fluid
properties to flow condition, collapses all previous data
of different hot inlet temperatures onto a single curve.
Therefore using this curve, it will be much easier to predict
the behavior of the solution and the performance of the
heat exchanger.

Using the overall pressure drop obtained experimentally
on the heat transfer tests, the Fanning friction factor was
determined. These results for the different flow conditions
are shown in Figs. 13 and 14. Using the same procedure
as was presented previously for heat transfer model, the
results were curve fitted. The result, given in Eq. (22) can
be used to predict the friction factor and hence pressure
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fluid

f ¼ 23:8Re�0:205: ð25Þ
The above relation closely matches the correlations

developed in the literature to predict the Fanning friction
factor in the cross-corrugated plate type heat exchangers
and the comparison of the experimental results and the cal-
culated results for Fanning friction factor are shown in
Fig. 15.

7. Conclusions

The overall heat transfer coefficient and pressure drop in
a plate heat exchanger was developed and the experimental
results were correlated. From the results in plate heat
exchanger investigated in this work, the transition to turbu-
lent flow occurs at Reynolds numbers as low as 10–400.
Hence, even at the moderate velocities plate heat exchang-
ers can achieve high heat transfer coefficients, low fouling
rates and reduction of overall size. With high heat transfer
coefficients, high overall transfer rates can be achieved in
comparatively smaller flow paths and thereby keeping the
overall size and pressure drop at the minimum.
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When the experimental results at low salt solution tem-
perature are compared with high salt solution temperature,
we can clearly see that an undesirable difference of overall
heat transfer coefficient at low flow rates. These unpredict-
able low values for Uoverall may be due no-flow conditions
that can be occurred at the flow passages away from the
main streams due to partial crystallization of the solution
along those flow passages. In addition, similar behavior
of partial crystallization also can be seen in the plots for
experimental conditions with higher inlet temperature dif-
ferences even at high inlet salt solution temperatures.

Since the viscosity of the solution varies significantly
with the variation of the temperature, it was shown the
overall heat transfer coefficient will increase as the operat-
ing temperature increases. When utilizing the heat exchang-
ers with this kind of salt solution, optimization of the plate
geometry, especially the included angle between corruga-
tions, theta, will cause a dramatic impact on the perfor-
mance of the plate heat exchangers.
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