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Abstract 
 
The present research examines the amount of condensed fresh water off the outer-side surface of heat exchangers in an MSF sys-

tem. The quantitative modeling of condensed water on the outer surface of comparable tubes, enhanced and plain, in a simulated MSF 
technique is investigated. An adapted simulation design on a test-rig facility, accounting for the condenser tubing in actual industrial 
desalination plate-form, is used with corrugated and smooth aluminum-brass material tubes 1100mm long and 23mm bore. A single-
phase flow of authentic brine water that typifies real fouling is utilized to simulate the actual environmental life of a multi-stage flashing 
desalination system, with coolant flow velocity 0.1 m/s in the two delineated types of condenser tubing. It is demonstrated that the con-
densate water amount from the specified enhanced tube is about 1.22 times the condensate water amount from the smooth tube, adaptive 
for 140 running hours under deliberated constrains. The topic covers a comparative analysis of thermal performance. Comparing results 
with fresh water confirm the effect of fouling on significantly lowering the value of the overall heat transfer coefficient versus time. Foul-
ing resistance Rf is reported with the critical coolant flow speed of 0.1 m/s. Comparison between the fouling resistance for both smooth 
and corrugated tubes versus time is performed. The fouling thermal resistance of the corrugated tube is 0.56 of the fouling thermal resis-
tance of the smooth tube after140 running hours of the experiment are concluded. Overall, in the case of real brine, results prove that heat 
performance for the corrugated tube is superior to the plain tube over the studied time period (140 hrs) for the chosen range of flow 
speeds.  
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1. Introduction 

Desalination stations in Kuwait are integrated with electri-
cal power plants, Fig. 1 [1, 2]. The series of heat exchangers 
used by Multi-Stage Flashing (MSF) units is composed of 
classical smooth tubes, with each unit producing distillate 
water in millions of imperial gallons per day. As the MSF 
system experiences severe mechanical difficulties due to foul-
ing in the condenser tubing, approaches were made to improve 
the system's thermal efficiency. A continuous cleaning system 
known as ball cleaning Fig. 2 [3] is used to overcome the foul-
ing problem. Also, an interesting approach is being proposed 
to use enhanced tubes to improve heat transfer performance in 
an MSF system. The current study is primarily concerned with 
the enhancement of MSF performance when replacing a 
smooth tube with a corrugated one. They are supposed to have 
different characteristics in terms of heat transfer and pressure 

drop. Specifications of the tube are highlighted in Fig. 3 [4, 5]. 
Fig. 3.1 depicts a photograph of the tube like the one used in 
the current research, while Fig. 3.2 and Table 1 shows the 
associated dimensions. 

When a corrugated tube is used, the expectations are increased 
production of desalinated water and/or decreases in required 
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Fig. 1. Doha East Power and Desalination Station [2]. 
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pumping power [6]. Heat transfer and enhancement of heat 
exchangers were examined by several researchers [7], while 
most of the fouling research was conducted with single-phase 
flow in a smooth tube [8]. Fouling and enhancement were 
investigated separately with little cross-referencing of the two. 
Kim & Webb [9], and Charm & Webb [10] concluded that the 
thermal performance of an enhanced tube remains superior to 
the plain tube in spite of a higher fouling (a particulate foul-
ing) data rate recorded on the former. Because fouling is a 
slow process, most of the research was conducted in a labora-
tory using a highly concentrated particulate artificial fouling in 
order to get results within several hours or several days. This 
has led to unambiguous experimental data when comparing 
enhanced heat transfer surface performance to the plain sur-
face.  

Fouling from natural brine water is unlike artificial fouling, 
since it involves more than one category of fouling, which is 
difficult to deal with. It is not possible to address this kind of 
difficulty in most research programs. Thus, any change to the 

operating characteristics needs to be balanced by the gains and 
off-set against its time dependent performance. Hence, the 
vital link between surface heat transfer rate and problems as-
sociated with fouling over such enhanced surfaces needs to be 
explored so that a fundamental understanding of the relation-
ship of the two can be analyzed [11], while ref. [12-14] stud-
ied the influence of flow speed and tube diameter on fouling 
resistance.  

The approach of the current research is to assess the feasi-
bility of an enhanced heat transfer mechanism in MSF plants 
by comparing the collected quantity of condensate water to the 
amount collected with a smooth tube. Using a corrugated tube 
transfers the mode of water accumulation on the outer-side of 
the tube surface from a film-wise to drop-wise condensation, 
potentially increasing the amount of condensed water col-
lected. In addition, actual brine water that typifies real process 
conditions was used. The performance of the enhanced tube 
combined with the existence of fouling was examined with an 
emphasis on whether more water was accumulated [15]. 

Table 1. Dimensional properties of Wolverine Korodense tube. 
 

Tube length, L=1100 mm Corrugation depth, e= 0.58 mm 

Outer diameter, Do = 25.4 mm Internal diameter, Di = 23 mm 

Helix angle β relative to the axis of the tube Number of starts, ns =1 

The axial corrugation pitch, p = 10.64 mm tan
i

s

dp
n
π

β
=  
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Fig. 2. Ball cleaning system [3]. 

 

            
 
Fig. 3.1. Photograph of Wolverine Korodense tube [4].                     Fig. 3.2. Diagram of Wolverine Korodense tube [5]. 
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2. Test rig  

A horizontal plan for the experimental set-up is given in Fig. 
4.1. An isometric lay-out of the experimental facilities with a 
cubic box test rig, with availability for testing six tubes at a 
time (as a first design configuration) and a common header for 
both inlet and outlet tubes, is given in Fig. 4.2,. A cylindrical 
drum test rig was developed due to the failure of the former 

design by buckling and cracking of the Plexiglass box’s wall 
(12 mm thickness) by thermal stresses. A schematic drawing is 
shown on Fig. 4.3, with separate inlet and outlet headers for 
each tube. The system consists mainly of a condenser with the 
availability to test eight tubes at a time, a boiler, a brine circu-
lating pump, a brine storage tank, measuring instruments, data 
acquisition system, and a computer. 

Figs. 5 and 6 show photos of the main components of the 
rig-facilities. The test rig uses a condenser with a 78 cm di-

 
 
Fig. 4.1. A horizontal plan of the experimental set-up. 

 

     
 
Fig. 4.2.1. Experimental layout, with a cubic box test-rig (a first design     Fig. 4.2.2. A photograph of the cubic box rig. 
configuration).  
 

 
 
Fig. 4.3. Schematic of test rig [12, 13]. 
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ameter and a length of 110 cm. The drum frame is designed 
using stainless steel 316 in two shells with outer and inner 
thicknesses of 2 mm, with thermal insulation provided in be-
tween for the purpose of minimizing heat dissipation. Four 
windows are built into the upper half of the considered shelled 
frame using a heat resistant glass (up to700℃) of a 6 mm 
thickness to help in observing the developments inside the 
condenser during the experiment. Tested tubes are distributed 
inside the drum on an equal circular pitch angle. The rig de-
sign is capable of testing eight tubes at a time, as shown in Fig. 
4.3, providing better circumstances for obtaining similarity 
and symmetry. Steam is introduced to the cylindrical con-
denser through two central entrances. 

The steam distributor tubing inside the condenser consists 
mainly of two overlapped tubes. The inner tube is designed to 
scatter the steam, whereas the outer one is built-in for the pur-
pose of avoiding the creation of a steam jet by distributing the 
steam uniformly throughout the condenser. To measure the 
steam temperature inside the cylindrical condenser, four 
thermo-couples are built into the rig—two on the upper half 
and two on the lower half. Through this arrangement, it has 
been proved that the steam temperature is distributed uni-
formly throughout the rig “Tsrig”. The temperature is taken as 
almost constant throughout the experiments. Tsrig is adapted by 
controlling the steam supply valve. Used thermocouples are 
chosen to be capable of withstanding corrosive media while 
covering the required range of measured temperatures. 

The brine-circulating pump used in this test is a compact 
single-stage jet-assisted centrifugal pump with a mechanical 
shaft seal and “o” ring casing seal. The pump provides reliable 
higher pressures at flows of 35 lpm. It is manufactured from 
quality corrosion-resistant materials, quickly and easily in-
stalled, requires low maintenance, and is easy to service. Its 
capacity is 35 lpm @ 140 kpa, with a maximum total head of 
35 m. A vortex flow meter is used. The meters are fitted on the 
downstream of the condenser. 

The flow rates are measured electronically using accurate 
vortex shedding technology. Through the data acquisition 
system, data readings (temperature, pressures, and flow rates) 

are to record every specified time interval onto the computer 
hard disk and a printer output. The test rig was instrumented in 
such a way that temperature at all important points in the ap-
paratus (inlet and outlet of each tube and the boiler outlet) can 
be monitored, as well as the flow rate of all the fluid streams. 
Moreover, the measurement and control system is used to take 
the required temperature automatically as programmed. In 
addition, the provided software package allows the user to 
write his own algorithm to optimize the system for a particular 
application. 

Thermocouples are inserted into the important points where 

 
 

1  Brine water storage tank. 

2  Steam boiler. 

3  Brine water circulating pumps. 

4  Cooling brine water feed pump.   
 
Fig. 5. Main components of test rig facilities [12]. 

 

 

 
 

 A lighted glass window 

2 An outlet header 

3 An outlet control valve 

4 A backside tube opening flange 

5 A thermocouple 

6 A condensate drain valve 

7 A backside steam inlet 
 
Fig. 6.1. An overall back view of test rig (B) [12]. 

 
 

 
 
1 Alighted glass window 

2 An inlet header 

3 A flow meter 

4 A front side opening 

5 A stand 
 
Fig. 6.2. Overall front view of test rig (B). 
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temperatures are to be recorded. E-type thermocouples are 
connected to the measurement and control link units via a card 
containing 9 channels. Each thermocouple is calibrated and 
connected to a channel in this card. There is one channel for 
boiler outlet, one for the tube inlets, and one for each tube 
outlet.  
 

3. Experiment data set  

In the current research, two Al-Brass tubes are used for test-
ing: a corrugated tube, C, and a smooth tube, S, with diameter 
23 mm as given in Appendix (A). Brine-water passes through 
these tubes at speed of 0.1 m/s. An electric boiler is utilized to 
supply the distributor tubing inside the condenser with a satu-
rated water vapor. Steam and brine inlet and outlet tempera-
tures are measured. To define utilized measurement accuracy 
Appendix (B) displays the uncertainty analysis. Fig. 7 shows 
brine coolant temperature rise (∆Tb) between inlet and outlet) 
change for both tubes versus time. Temperature rise for corru-
gated tube is higher than smooth tube by 37% at t =0, reduced 
to an asymptotic value of 19% after 144 hrs. 
 

4. Data correlation & results  

In a heat exchanger, with one fluid a saturated vapour and 
the other a brine coolant, the applied heat transfer equation is 
given by: 

 
i mQ U A kWθ=  (1) 

 
U is the overall heat transfer coefficient, Ai is the nominal 

inside surface area, and θm is the logarithmic mean tempera-
ture difference. The logarithmic mean temperature difference, 
θm, on Fig. 8 is given by: 

T  - T obo bi  Cm T  - Ts biLn 
T  - Ts bo

θ =
⎡ ⎤
⎢ ⎥
⎢ ⎥⎣ ⎦

 (2) 

 
The brine water inlet temperature, Tbi, is not constant due to 

circulation. It has been realized that the measured vapor tem-
perature in the drum is lower than the saturation temperature 
at the stage operating pressure (atmospheric), owing to its 
blending with exerted gases, accompanied by the expansion 
and cooling processes of mixture as it flows around the tubes. 
In calculating θm, the value of the steam temperature Ts is 
taken equal to Tsrig, the actual drum steam temperature. Re-
corded readings of Tsrig versus time are given in Table A-1 for 
the first 10 hours. 

Calculated values of θm for both tubes on 144 hours are il-
lustrated on Fig. 9. There are two observations worth mention-
ing on this graph. First, values of θm for the smooth tube are 
higher than those of the corrugated tube. Second, values of θm 
for both tubes increased with time to a certain maximum, then 
decreased, with this trend extended to certain asymptotic val-
ues. Curves fluctuated with long periods according to the defi-
nition of θm given by Eq. (2). The variation of ∆Tb with time is 
shown on Fig. 7, while Table A-1 shows the first 10 hours of 
experimentally recorded data for both smooth and corrugated 
tubes, showing measurement differences between the steam-
side and seawater-side. 
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Fig. 7. Variation of temperature difference (∆Tb) with time, for corru-
gated and smooth tubes. 

 

 
Fig. 8. Tubing of an MSF plant’s condenser. 
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( )b p bo bi b p bQ m C T T m C T kW= − = ∆   (3) 

 
Comparison of present measurements for the overall heat 

transfer coefficient with the correlation data collected is given 
in Table 2, showing a huge difference in U values between 
actual field-site design data and our current experimental data. 
This is due to the vast difference in θm values for a same given 
heat transfer rate Q. Table 2 shows θm actual within 3.26o C, 
due to the narrow range of T∆ chosen for the given stage 
1.2℃, while the steam saturation temperature would be in a 
range of 2 degrees higher than the brine water coolant outlet 
temperature of 50.2℃. These design arrangements are adapted 
to reduce the value of θm and maximize U values. In our cur-
rent experiment, these arrangements are not taken into consid-
eration, since it is not within the scope of our research. 

The heat transfer rate through the tested tube using the brine 
water side of the energy balance is given by the following 
Equations: 

The collected experimental data are used to determine the 
overall heat transfer coefficient vs. time through Eqs. (1), (2), 
and (3) for a certain considered nominal inside surface area Ai 
of a tube. U can be given by (1) as: 

 
2

i m

QU  kW/m
A  θ

=  (4) 

    
Ai is the nominal inside surface area ( m2), Ai  = π Di L, Di is 
the tube’s inner diameter (m), and L is the tube’s length (m). 
Fig. 10 describes the variation of the overall heat transfer coef-
ficient for both tubes versus time. As shown on the figure, the 
values of U for both tubes decrease with time due to tube foul-
ing. However, the value of U for the corrugated tube is supe-
rior to the smooth tube during the test. U for the corrugated 
tube is at least 1.3 times that of the smooth tube. 

Based on the assumption that the steam side energy is bal-
ancing the sea water side heat energy, Q in Eq. (4) can be 
determined using the steam side energy as follows: 

 
w fgQ m h kW=  (5) 

 
wm = The rate of mass condensed water on each external 

tube surface ( / )kg s  
fgh = The steam enthalpy of condensation ( / )kJ kg  

 
From the formulas given above and Eq. (3), the following 

correlation is defined: 
 

( )
( )

   ,,          
    , ,

m C Tm U b p b cw c c m,c
m U m C Tw,s s m s b p b s

θ

θ

∆
= =

∆
 (6) 

,w cm  is the rate of condensation by the corrugated tube (c), 
while ,w sm  is the rate of condensation by the smooth tube (s). 
Eq. (6) gives the ratio for the given tubes. As seen by the 
equation, this can be determined by the ratios of U * θm or by 
the ratios of ∆Tb for both tubes. Brine water ρ and Cp are func-
tions of temperature given in Eqs. A1 and A2, Appendix (A). 
Results show insignificant variation of ρ and Cp with tempera-
ture. Therefore, the term (mb Cp) in Eq. (6) is assumed to be 
identical for both tubes.   

Fig. 11 records the variation of (U * θm) for both tubes versus 
time. As shown, the (U * θm) values of the corrugated tube are 
higher than those of the smooth tube.  

Table 2. Typical 1 is for stage 19 of heat gain section-plant No.1 –
Doha East* [2]., while Current 2 is for our corrugated tube data. 
 

Parameters Typical 
1 

Current 
2 

Parame-
ters 

Typical
1 

Current
2 

Pipe Type 
Material 

Smooth 
Al-brass 

corrugated
Al-brass 

Tbi 

℃  46.3 34.8 

Pipe  
Length (m) 17.7 1.1 Tbo 

℃ 47.5 43.6 

Pipe Di 

(mm) 36.88 23 T∆  
℃ 1.2 8.8 

Fluid 
Vel. m/s 2.08 0.1 Ts 

℃ 50.2 100 

U 
kW/m2 ℃ 1.7 0.36 θm 

℃ 3.26 56.2 

* Data collected on: July 19 & 20, 1978 
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Fig. 10. Variation of the overall heat transfer coefficient (U) with time 
for corrugated and smooth tubes (23.0 mm diameter, 0.1 m/s flow 
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Fig. 12 shows the undergoing change of condensate mass 
ratio mw,c / mw,s versus time, illustrating that the rate of conden-
sation from the corrugated tube is more significant. Therefore, 
the amount of condensate water collected out of the specified 
enhanced tube, under deliberated constrains, is at least 1.22 
times the condensate amount given out by the smooth tube. 
Also, it shows a slight difference between the ratios of (U * θm) 
and (∆Tb ) due to neglected variations in ρ and Cp. 

Fouling resistance is typically performed by measuring the 
total thermal resistance (1/UAi) for clean and fouled cases 
(Webb [13]) using the following formula: 

1 1 /
( ) ( )

f o

i i f i cl

R
C kW

A UA UA
= −  (7) 

 
Where subscript f and cl refer to fouled and clean conditions. 
The results for fouling resistance (Rf ) of both corrugated and 
smooth tubes are illustrated in Fig. 13. As shown, the fouling 
thermal resistance for both tubes increases with time then 
attains a somewhat constant asymptotic value after 144 hours. 
This happens when the solid deposition rate and the rate of 
removal reach an equal value. The figure also shows that the 
performance for the corrugated tube is superior to that of the 
smooth tube. Fouling thermal resistance of the smooth tube is 
1.77 of that for the corrugated tube. It is worth mentioning that 
the current work test rig ran for 3-4 hours before starting re-
cording results. This is may explain the given values of Rf for 
both tubes at t=0. 

 
5. Conclusions 

A research test-rig is used to simulate the heat exchange 
process in an actual desalination plant. Simulation of actual 
circumstances in real desalination plate-form is done, with 
tube constituents: aluminum-brass material, 23 mm diameter, 
1100mm length; employing authentic brine water with a criti-
cal coolant flow speed of 0.1 m/s. The following is resolved: 
the amount of condensate water from the specified enhanced 
tube, under deliberated constrains is at least 1.22 times the 
amount of condensate water from the tested smooth tube, 

adaptive for 140 experimental running hours. In other words, 
the accomplished data proved that corrugated tube heat per-
formance is superior to the performance of smooth tube for a 
given tube size and the investigated coolant speed, where heat 
rate improvement is interpreted as energy saving.   

Results for fouling resistance Rf are presented with the same 
velocity value chosen (0.1 m/s) to describe the case, since it is 
comprehended from experimental trials that fouling resistance 
is the highest on this reported low speed. A comparison be-
tween fouling resistance for both smooth and corrugated tubes 
versus time is done, confirming that the smooth tube has a 
higher fouling tendency than that of the corrugated tube. Con-
cluded results show that the fouling thermal resistance of the 
corrugated tube is 0.56 of fouling thermal resistance of the 
smooth tube.  

Future work should include experimental investigation with 
a simulated design on a test rig to verify the collected quantita-
tive amount of water condensation out of the comparable 
tubes; re-examination of the accumulated water collected out 
of same type of corrugated tube, but with different corrugation 
pitch and depth; experimentation with other tube geometries, 
types of enhancement, and other classes of tube materials, e.g. 
copper-Nickel (Cu-Ni), in order to optimize the tube data re-
sults.  
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Nomenclature------------------------------------------------------------------------ 

A : Considered area for heat transfer, m2 
Ai  : Nominal inside surface area, m2     

CP  : Specific heat of brine, kJ/kg º 
hfg  : Steam enthalpy of condensation, kJ/kg 
Rf  : Fouling thermal resistance, m2 ºC/kW 
mb  : Mass flow rate of brine, kg/s 
mw  : Mass of condensed water on external tube surface, kg/s 
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Fig. 12. The condensate mass ratio ( , ,/w c w sm m ) versus time. 
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mw, c  : Rate of water mass condensed by corrugated tube (c) 
mw, s  : Rate of water mass condensed by smooth tube (s)  
U  : Overall hear transfer coefficient, kW/ m2 ºC 
Tbi  : Brine temp. at the entrance to the condenser, ºC 
Tbo  : Brine temp. at the exit from the condenser, ºC 
Tbo,c  : Brine water outlet temp. from the corrugated tube, ºC 
∆Tb,c : Temp. difference for corrugated tube, (Tbo,c – Tbi), ºC 
Tbo,s  : Brine water outlet temp. from the smooth tube, ºC 
∆Tb,s  : Temp. difference for smooth tube, (Tbo,s – Tbi), ºC 
Tsboil  : Steam outlet temperature from boiler, ºC 
Tsrig  : Steam temperature inside the test-rig, ºC 
Ts  : Steam temp. value used in calculation of θm = 100ºC 
Tbi  : Brine temperature in, ºC 
θm  : Logarithmic mean temperature difference, ºC 
Di  : Tube inside diameter, m     
L  : Tube length, m  
Q  : Heat flux, kW 
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Appendix (A) 

A.1 Primary data sheet 

 

  

* The letter (c) is taken as a subscript to presents the corrugated tube, 
while the letter (s) is for the smooth tube 

 
Above data sheet and the following table show that the vol-

ume flow rate in both tubes are about the same, however, both 
tubes have different characteristics in terms of heat transfer 
and pressure drop. 

 
Table A.1. The experimentally recorded data sheet for smooth and 
corrugated tubes. 
 

Time 
( hrs ) 

Tbo,c
  

℃ 

Tdo,s  

℃ 
dTbo,c 

℃ 

dTbo,s 

℃ 
Tsrig 

℃ 
Tbi 

℃ 
Tsboil 

℃ 
0 47.606 44.707 12.884 9.985 95.915 34.722 100.474

0.5 46.807 44.726 11.987 9.906 95.933 34.82 100.486

1 46.156 44.686 11.421 9.951 96.031 34.735 100.506

1.5 47.236 44.287 12.602 9.653 95.946 34.634 100.479
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2 46.629 43.693 12.245 9.309 95.892 34.384 100.375

2.5 46.662 43.782 12.361 9.481 95.834 34.301 100.411

3 46.675 43.65 12.264 9.239 95.909 34.411 99.339

3.5 46.845 43.681 12.646 9.482 95.944 34.199 99.213

4 47.182 43.744 13.105 9.667 95.897 34.077 100.369

4.5 47.505 44.122 13.384 10.001 96.173 34.121 100.419

5 47.303 43.955 13.128 9.78 96.188 34.175 99.293

5.5 46.91 43.794 12.95 9.834 96.227 33.96 100.3 

6 46.378 43.181 12.521 9.324 96.121 33.857 100.343

6.5 46.908 43.614 12.881 9.587 96.177 34.027 100.354

7 46.744 43.361 12.527 9.144 96.065 34.217 100.32

7.5 46.87 43.397 12.852 9.379 96.058 34.018 100.308

8 46.91 43.794 13.006 9.89 96.207 33.904 100.287

8.5 46.436 44.06 12.113 9.737 96.35 34.323 100.383

9 47.257 43.9 13.103 9.746 96.378 34.154 100.331

9.5 47.138 43.575 12.156 8.593 96.408 34.982 100.337

10 46.717 43.202 12.866 9.351 96.387 33.851 100.351

 

A.2 Brine water properties [16] 

Density “ρ”  
 
The density of sea water can be calculated using the following 
formula, derived from Grunberg, using Tschebyscheff poly-
nomials [14]: 

  
ρ= {1/2 a0 + a1 Y + a2 (2Y 2 – 1) + a3 (4Y3 –3Y)}      (A1) 
 

Where, 
a0 =  2.016110 + 0.115313 Z + 0.000326 (2Z2 – 1) 
a1 = - 0.054100 + 0.001571 Z – 0.000423 (2Z2 – 1) 
a2 = - 0.006124 + 0.001740 Z – 0.000009 (2Z2 – 1) 
a3 =  0.000346 + 0.000087 Z – 0.000053 (2Z2 –1)   
Y = ( 2T – 200 )/160,   Z =( 2S - 150 )/150 

 
The density is calculated in gram/cm3, T is in 0C and S (salin-
ity) in g/kg. {For condensate water; Z = -1, since S = 0}. 

 
The specific heat capacity “Cp”. 
 
The specific heat capacity of seawater is calculated by the 
following formula, as quoted [14]: 

 
Cp= (A + BT + CT2 + DT3)    kJ/kg 0C         (A2) 
   

Where, 
A = 4206.8 – 6.6197 S + 1.2288 * 10– 2 S2 
B = - 1.1262 + 5.4178 * 10–2 S – 2.2719 * 10– 4 S2 
C = 1.2026 * 10–2 – 5.3566 * 10–4 S + 1.8906 * 10–6 S2 
D = 6.8774 * 10–7 + 1.5170 * 10–6 S – 4.4268 * 10–9 S2 

With T as the average temperature across the heat recovery 
section in ℃, and S as the salinity of brine in g/kg. 
 

Appendix (B) 

B.1 Uncertainty analysis for inlet coolant temperature  

To estimate the uncertainty for the coolant inlet temperature 
as an example to define our measurement accuracy, a method 
presented by Kline and McClintock is used. The method is 
based on the uncertainties in various primary experimental  
measurements such as flow rate and temperature. The estima-
tion of the uncertainty in calculated results depends on the 
accuracy of basic measurements.  

In this study, the result, R, is given as a function of inde-
pendent variable, x. Thus, 
 

R = R (x) 
 
Let Wr be the uncertainty in the result, and W1 be the uncer-
tainty in the coolant inlet temperature as an independent vari-
able. The calculated uncertainty is expressed as: 

 
Wr  = [∂ R/∂ x] W1  
 

The basic uncertainty reference value W1 for the independent 
variable under scope “Tbi” is: ± 0.1 to 0.2 
Recalling Eq. 4: 

 

2ln , /
m C T T ob P s biU kW m Ci A T Ts bo

⎡ ⎤−
⎢ ⎥=

−⎢ ⎥⎣ ⎦
 (B1) 

 
With,  

A = 5.56 x 10-2
m

2
, 

ibT (portable)=20℃, Tbi (brine) = 25℃,  
Ts = 115℃, mb = 0.522 kg /min, and Cp = 4.2 kJ / kg ℃. 
 
⎪∂ R/∂ x⎪≡⎪∂ U/∂ Tbi ⎪ = ⎪ m Cp / A ( Ts   - Tbi ) | ≅ 0.03  
 
Wr  ≅ 0.01 
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