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Abstract: -

An experimental and theoretical analysis was conducted for simulation of open circuit
parallel flow heat exchanger response to power increase transient in its heat load. Proper
mathematical model is prepared to cover the heat transfer mechanism between the hot water
in the primary circuit and the cold water in the secondary circuit during transient course. The
model takes under consideration the effect of water heat up in the primary circuit due to step
increase of its heat load added to same circuit on the physical and thermal properties linked to
the parameters that are used for calculation of heat transfer coefficients on both sides of their
tubes. Proper Math-Lab computer program was prepared for calculation the steady and
transient states. The calculations covered all the variables that affect such type of transient
mechanisms. The nominal power of the heat exchanger of 618w is subjected to step power
increase transient of 880 w. The effect of the power increase percentage in the primary circuit
on the average temperature buildup of the water in same circuit was investigated. The results
covered the effect of power increase percentage of 130% of its nominal value during steady
state for different secondary flow rates (120liter/hr, 170liter/hr and 200 liter/hr). The elapsed
time required for the primary circuit average temperature to reach a steady state value was
also calculated for different primary and secondary water flow rates. These calculations were
supported with experimental measurements conducted on a standard parallel flow heat
exchanger apparatus. The experimental results were compared with the theoretical results at
fixed primary and secondary flow rates which showed reliable agreement with a maximum
deviation of 4.2%. The results proved that water average temperature build up in the primary
circuit has sharp tendency during the early stage of the transient course and then it reached to
its saturation value after around 8-10 minutes.
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1. Introduction

Heat exchangers are widely used in
the power generation systems,
chemical process industries and
other engineering systems used for
heat exchange. One of the most
commonly used type is shell and
tube arrangement with either counter
or parallel flow and with either the
hot or cold fluid occupying the
annular space and the other fluid
occupying the inside of the inner
pipe type of them. One fluid flows
in the inside of the tubes, while the
other fluid is forced through the shell
and over the outside of the tubes to
insure that the shell side fluid will
flow across the tubes and thus
induce higher heat transfer. In the
relevant study the cross heat
exchanger used water in both their
primary and secondary circuits.

In general, heat exchangers are
fairly easy to control, and except
where very close control is needed,
simplified methods of dynamic
analysis give answers that are
accurate enough for the practicing
engineer. The approach taken here is
to present exact transferred functions
for a few of simpler cases in order to
show the parameters that determine
the lags and to explain the resonance
effects sometimes found with
distributed systems. During power
increase transient, If the safety
system related to the heat source
device failed to shut down the heat
source, the operator can shutdown it
manually when he realize that there
is an abnormal condition in the

system, i.e insufficient cooling, by
monitoring the different signals and
indications in the control room.
During such type of transient water
temperature in the primary circuit
will rises up until heat source device
1s shutdown. Then, this temperature
starts to decrease after heat source
device shutdown.

In case if the power source is kept at
its value by mistake, water
temperature in the primary circuit
will continue its increase till it
reaches the final steady state value at
which the heat balance between heat
added to the primary circuit by the
heat source and that is removed by
the secondary cooling circuit 1is
equalized. The maximum increase in
these temperatures above the normal
operational values depends on the
time lag between the initiation of
power increase transient and the heat
source device shutdown.

A review of literature on the
transient response of single-pass
parallel, counter and cross-flow heat
exchangers with a step change in the
inlet temperature is presented.
Different predicting schemes were
evaluated for their suitable range of
operation and specific
recommendations made regarding
their suitability to types of problems.
Most available solutions to date
derived by analytical means and as a
result to final solutions were very
complex to utilize, [3]. However,
several graphical representations of
their solutions for specific values of
independent variables matched those
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of a certain application are
presented. The graphs could be used
to determine transient response, [5]
and [7]. A new technique using
thermal network representation 1is
found. This technique was employed
to generate results for counter flow
heat exchangers and presented them
in a tabular from over a wide range
of parameters. The results were valid
for a step change in the minimum
heat capacity rate side fluid inlet
temperature.  Transient  thermal
performance of counter flow heat
exchangers has been modeled as a
thermal net-work consisting of
thermal capacitances at the nodes
and thermal resistances.  The
network analyzed using a finite
difference solution technique on a
commercially  available  thermal
network solver THERMONET -
TransHX. The model incorporates
the effect of wall and fluid thermal
capacitance, fluid capacity rates, the
size of the heat exchanger, and other
operating parameters for a step
change in the inlet temperature of
one fluid stream, [10]. The current
model and the solution technique are
validated with the numerical results
available. Tables are presented for
non- dimensional time  versus
individual stream effectiveness over
a wide range of -capacity rate,
number of transfer units, and wall
capacitance ratio for the case of a
counter flow heat exchanger
undergoing a transient due to a step
change, [5], [6] and [9].

Transient temperature field in a
parallel flow heat exchanger

numerically assuming fully
developed hydrodynamic conditions
i1s calculated. This approach uses
fewer assumptions than published
analytical studies. It shows the
influence of physical and operational
characteristics on experimentally
defined parameters that describe the
transient response of  heat
exchangers, [1].

The transient performance of a direct
transfer, single pass cross flow heat
exchanger with finite core capacity
is investigated. The temperature
response of the fluid streams as well
as the separator plate has been
obtained solving the conservation
equations by finite  difference
formulation for step, ramp as well as
exponential variation of the hot fluid
inlet temperature and step and ramp
variation in flow rates. The analysis
has been done for the generalized
case of unmixed fluid streams and
finite capacitance of fluids and metal
wall. Results are presented for step
and ramp change in flow rate of hot
and cold fluids, and step, ramp,
exponential and sinusoidal variation
in hot fluid inlet temperature. The
mathematical model based in the
study is reviewed for understanding
different behaviors of the output
parameters with respect to input
functions despite the difference
between the studied heat exchanger
from that used in the relevant study.
In the relevant study the heat
exchanger used water in both their
primary and secondary circuits. The
attempt of this study is to simulate
the response of the primary circuit
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temperature build up according to
the reduction or completely loss of
secondary circuit flow during the
failure of the safety systems to
mitigate such type of transients.
Such type of transients plays an
important role in the evaluation of
heat generation system safety and
integrity specially, those related to
nuclear reactors in which self control
is a dominant factor due to the effect
of negative temperature factor on the
reactivity of the reactor core, [8].

An experimental and theoretical
analysis was  conducted  for
simulation of open circuit parallel
heat exchanger dynamics during
flow reduction transient in their
secondary loops. Finite difference
mathematical model was prepared to
cover the heat transfer mechanism
between the hot water in the primary
circuit and the cold water in the
secondary circuit during transient
course. The model took under
consideration the effect of water heat
up in the secondary circuit due to
step reduction of its flow on the
physical and thermal properties
linked to the parameters that are
used for calculation of heat transfer
coefficients on both sides of their
tubes. The experimental results were
compared with the theoretical results
for certain power density value at
different flow reduction percentages
which show a reliable agreement.

The results proved that water
average temperature build up in the
primary circuit has sharp tendency
when the percentage of flow

reduction in the secondary circuit
reach 25% of its nominal values, [2].

Theoretical Analysis
The test rig consists of shell type

parallel flow heat exchanger. The
hot water flows i1n shell side,
primary side, while the cold water
flows in tubes, secondary side. The
secondary side consists of 4 tubes.
Thermal conductivity of the copper
tubes, k=349 W/m.’C. The outer
radius of the tubes, ro = 8 mm, the
mnner radius of the tubes, r1 =7 mm.
The total heat exchange area Ah=
67380 mm. Shell diameter = 50 mm.
Heat exchanger length = 355 mm.
Heat transfer coefficient for both
inner surface and surface of tube
bundles could be calculated using
proper analytical and empirical
formulas. This procedure could be
conducted for the inner surface and
then repeated for the outer surface.
The formulas adopted for calculating
heat transfer coefficient in our case
are recommended by the supplier
company for the type of the heat
exchanger selected for experimental
work, [4]. Heat transfer coefficient
in the shell side, secondary circuit is
calculated based on the following
equations:

Nu = 1.86.[Re.Pr.(d/L) 1% .
(/pw) (1)
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The equation is applicable for the
following range of input parameters:
Re.Pr.(dL) > 10 , L/d>2 |
100<Re< 2100, 0.48< Pr<16700
Where:

u is the dynamic viscosity at average
temperature.

Wy 1s the dynamic viscosity at wall
temperature.

The following equations could be
used for the turbulent flow in the
tube side, primary circuit to simulate
such case, [11].

Nu = 0.036 Re®® Pr¥33.(d/L)*1%...(2)
With:

10< (L/d) < 400, Re > 10000, 0.7 <
Pr < 16700.

The thermal and physical properties
of the water flowing in both primary
and secondary circuits are obtained
by interpolation among their values
listed in specified tables.
Interpolation is conducted at mean
water temperature between input and
output values for each of primary
and secondary circuits.

Tm= (Tinlet + Toutlet)/ 2 ‘.- (3)

Here we assume the following:

1. The secondary circuit is open loop
1.e. the inlet temperature of the water
in the circuit is constant.

2. The heat source (power input) is
constant during transient period and
this source is continuous during the
transient course of secondary flow

reduction..

3. The average water temperature in
the secondary side of the heat
exchanger is calculated based on the
temperature difference across the
secondary side of the heat
exchanger.

4. Total mass of water in the primary
circuit is (M). Then balance between
the heat added to this amount of
water by electrical heater and the
heat rejected to the secondary circuit

could be represented by the
following equation:
dép, :
M*Cp, * =i = Qi — [ (8pa -
Bs,)*(Uo*Ao) ] ..(4)
— Te. Qi
Os, =Ts; + P—— ...(5)
dép, .
M*sz-) dt [ Qi- (epa - TSi -
U )%(Uo*Ao) ] ..(6)

2% (m* = Cps)

M*Cp,, delt)“ = Qi-0p, * Uo*Ao +

d
. % QixUo*xAo
Ts; * Uo*Ao + e (m 2 Cp3) ..(7)

dOp,
dt

+ 0p, * Uo*Ao = Qi1+
QixUo*xAo

M*Cp,,

TSi * Uo*Ao + m .. (8)
M<Cpp 4 40Py , (o _ _ Qi
Uox*Ao dt @ UoxAo
Qi
2+ (m* + Cps) + TSi .. (9)
Substitute for:
_ (MxCp)yp

p=t ok ...(10)

Cs=m" * Cps ..(11)
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c. 48Pa | = Q, ( Base steady state value on t = 1.5
T dt LY UoxAo . . . .

1 min, Using the following input
2+ m* * Cps )+ Ts; --(12) values:
Let: Op,=0p, — Ts; ... (13) Q;=618w Qp =100 1t/hr

, Q. =170 It/hr
Then $22a — 49Pa . (14)
et Ts; =24.4°C
Substitute in eq (9): Ts, = 28.3 °C
depa

Cr dt Ql ( Uox*Ao

1
Z*m'*Cps) -(15) A, =4nd, L

Using Laplace transformation and
assume the following:

1=C, ...(16)
k= UoiAo + Zlcs ...(17)
Then (1 +t4) Op, =k Q; ...(18)
Op, =k Q; (1 -e7 /) ...(19)
As t—

Op, =k Q; ...(20)
Opa _TS‘+(U0 Ao 2 Cg )Q‘ 2D
Tp, =2 6p, - Tp; ...(22)
To =2 [ Tsi + (Gope + 7))
- Tp; ...(23)
Tp, = 2Ts; + (UOiAO

Tp; ...(24)

= 41 (1.6 * 107 * 0.335)

= 0.0674 m?
Co=— %4170 = 197 W/°C
3600
Tpo=33.5 °C
Tp=139 °C

Then, Uy, = 893 W/m>.°C

Based on steady state condition
parameters the transient state 1is
studied and their parameters are
evaluated. Using equation (18) the
average primary circuit coolant
temperature (0p,) as the end of the
transient course is calculated for step
input in thermal load of

AQ = 800 watt

1
893x0. 0674— 2%198

Op, = 24.4 +(
1418

)*

Prof. Dr.Akram. W. Ezzat
Asst. Prof. Salah Sabeeh
Ahmed Salam Abdul-Raheem

Association of Arab Universities Journal of Engineering Sciences
NO.5 Volume.25 Year.2



471

()

=48.3°C

Using equations (10) & (16) the
following equation is derived

Op=Ts; +kQ; (1-e7t7)...(25)

Where:

1 1 1
UoxAo  2Cs;  893%0.0674

...(26)

1
2%¥170

=0.0191

Where:

_ (M*Cp)p
Uox*Ao

(M Cp)p = Cpw M,,

t=C_, ...(27)

Where:

=4170 * 1.2
=5004 J/°C

5004
893+0.0674

At t=60 sec

= 83.14 sec

Op =24.4+0.0191 * 1418 * (1 -

e—60/83.1)
=38.3°C
At t=120 sec

Op =24+ 0.0191 * 1418 * (1 -
e~120/83.1)
=45°C

Hand written computer program is
prepared for calculations of the
steady state and transient values of
water average temperature in the

primary and secondary circuits. The
structure of the program allows easy
interpolation among the values of
the physical properties based on the
values of water temperature in both
circuits. The empirical formulas
adapted for the recent case study
could be easily adapted for
investigating cases that covers other
type of heat exchangers.

2. Experimental Work

The test rig consists of shell
type cross flow heat exchanger.
Water in both shell and tube sides
are circulated by two pumps of
maximum flow rate of 300 I/hr for
each one. Water volumetric flow rate
in both shell and tube sides are
measured using proper calibrated
flow meter Water added and drained
from both sides wusing proper
isolation valves. Heat addition to the
primary circuit 1is ensured by
electrical heater that is adjusted by
proper resistances from 0-1600
Watt. The hot water flows in shell
side, primary side, while the cold
water flows in tubes, secondary side.
Fig.1 and Plate.1 shows the main
components of the test rig. After
cross checking all the mechanical
and electrical connections, the
circulation pumps in both sides are
put on to circulate the water inside
the circuits. Water flow rate in the
primary circuit 1s fixed at 100
liter/hr, while water flow rate in
secondary circuit is fixed at 170
liters/hr using the proper valves. The
electrical heaters are turned on to
heat up the water in the primary
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circuit to its operational steady state
values. The steady state heat input of
618W is controlled wusing the

secondary sides are measured versus
time using stop watch till they reach
their steady state values. The
response of the primary circuit
temperature versus time is repeated
using secondary flow rate of 200
liter/hr while water flow rate in the
primary side is kept at its nominal
value of 100 liter/hr. Fig.1 Test rig layout.

specified knobs. The measured r. Bl

temperatures at different points 0 'L I 4

within primary and secondary sides 82 E i

reaches to their steady state values, '-;' % O ﬂ = e
which are considered as those L l: E % L_’”‘Tm a8
temperatures at time equals zero for H i j f:?— mEEEE
the transient condition. Upon , H '; 8 “‘1%“@ L
subjecting the primary side to 800W - %ﬁ” 7 T ..,,
step change, the temperature at : i N U -;i'jq mg
different points in both primary and i __(’ﬂ_ Y e —=

Plate.1 Test rig used for conduction the

experiments.
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3.Results and Discussion

All the results and graphs are based
on constant water inlet temperature
to the secondary circuit equals 25°C
and constant water flow rate in the
primary circuit equals 190 liter/ hr.

Tables (1-5) illustrate all the
experimental and theoretical results
related to  average = primary
temperature versus time and the
constant times governed with
transient conditions.

Table.1 Experimental & Theoretical average water temperature in the primary &
secondary circuits after step change in the heat load = 800watt, based on Q. =170

liter/hr, Qn = 100 liter/hr.

Experimental results Th:eosl;lel?scal
Pri S d Pri
] Temperature | Temperature cl;erl?:;y ecci(:,lclu;ry ;,T::;y
Time, across across avera
. ) ge average average
min pr(llmilg sec.((;ndoacry temperatur | temperatur | temperature,
S1ee, S1ee, e, Op, °C | ¢,0s, °C Op,°C
T
T5.in 7;0“ T3,in | T1out . . .
Omin | 39.1 | 335 | 244 28.3 36.3 26.35 36.6
Imin | 449 | 362 | 244 294 42.5 26.35 38.3
2min | 47.1 | 37.8 | 245 29.9 44.5 26.9 45
3min | 49.6 | 39.4 | 245 30.5 45.8 27.2 48.4
4min | 51.2 | 404 | 245 30.8 46.9 27.5 50
Smin | 52.5 | 41.2 | 245 31.2 47.8 27.65 50.8
6min | 53.6 | 41.9 | 245 31.4 48.5 27.85 51.1
Tmin | 544 | 425 | 245 31.6 49 27.95 51.3
8min | 55.2 | 42.8 | 245 31.8 49.4 28.05 514
O9min | 55.6 | 43.2 | 245 31.9 49.6 28.15 514
10min | 55.8 | 43.4 | 24.6 32 49.9 28.2 51.5
I1min | 56.2 | 43.6 | 24.6 32.1 50.1 28.3 51.5
12min | 56.4 | 43.7 | 24.6 32.2 50.2 28.35 51.5
I3min | 56.6 | 43.8 | 24.6 32.2 50.3 28.4 51.5
14min | 56.7 | 43.8 | 24.6 32.2 50.4 28.4 51.5
IS5min | 56.8 | 43.9 | 24.6 32.2 50.4 28.4 51.5
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Table.2 Experimental & Theoretical average water temperature in the primary circuit
after step change in the heat load = 800watt, based on Q. =200 liter/hr, Qn = 100 liter/hr

. Theoretical
Experimental results results
Primary Secondary Primary
Time Temperature | Temperature circuit circuit circuit
min, . across.d acrt:ls;r average average average
prlmzzry side, sec.on o y temperature, | temperatur | temperature,
C side, °C Op,°C e, 0s, °C Op, °C
Tsin | 0% | T3] 1 out - - -
t n
0 min 38 325 | 241 27.6 35.25 25.85 35.25
Imin | 38.3 | 32.6 | 24.1 27.7 38.6 259 38
2 min 39 353 | 24.1 28.1 41.2 26.1 44.6
3 min 40 38 24.1 28.5 43.3 26.3 479
4 min 44 39 24.1 29.2 44.8 26.6 49.5
5 min 48 39.6 | 24.1 29.9 46.2 27 50.2
6min | 522 | 40.2 | 24.1 30.6 46.8 273 50.5
7 min 53 40.6 | 24.1 30.7 47.4 274 50.7
8min | 53.8 41 24.1 30.8 47.75 27.45 50.8
Omin | 542 | 413 | 242 | 309 48 27.55 50.8
10min | 54.5 | 415 | 242 31 48.3 27.6 50.9
I1min | 54.8 | 41.7 | 242 | 31.1 48.5 27.65 50.9
12min | 55 419 | 242 | 312 48.61 27.7 50.9
13 min | 55.2 42 242 | 31.2 48.7 27.7 50.9
14min | 553 | 42.1 | 242 | 312 48.8 27.7 50.9
ISmin | 554 | 422 | 243 31.3 48.85 27.75 50.9
Table.3 Theoretical average water 5 min 57.6 50.8 50.2
temperature in the primary circuit after 6 min 57.9 51.1 50.5
step change in the heat load = 800watt, 7 min 532 313 507
based on different water flow rates in the T 58'3 51'4 50'8
secondary circuit, Qu = 100 liter/hr min : : :
Time, | Qs=120 | Qs=170 | Qs =200 9 min 58.3 514 50.8
min | liter/min | liter/min | liter/min 10 min 585 515 50.9
0 min 40.3 36.6 35.25 I1min | 585 51.5 50.9
1 min 41.9 38.3 38 12 min 58.5 51.5 50.9
2 min 50.3 45 44.6 13 min 58.5 51.5 50.9
3 min 54.6 48 4 47.9 14 min 58.5 51.5 50.9
4 min 56.7 50 495 15 min 58.5 51.5 50.9
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Table.4 Normalized time constant

versus Primary flow reduction
percentages
Primary
flow
reduction, hiz/hiy Uz/Uy T2T1
(%)
0.25 0.33 0.5 2
0.33 041 0.58 1.72
0.5 0.57 0.73 1.37
0.75 0.79 0.88 1.14

Table.5 Normalized time constant

versus secondary flow reduction
percentages
Primary
flow
reduction, hi2/hir | U2/Ur | T2m1
(%)
0.25 0.63 0.77 1.3
0.33 0.69 0.82 1.22
0.5 0.79 0.88 1.14
0.75 0.91 0.95 1.05

Figs.2&3 show the experimental and
theoretical relationships between the
water average temperature buildup
in the primary circuit versus time
during power supply increase from
(618W to 1418W) at different water
flow rates of (170 liters/hr and 200
liters/hr in the secondary circuit) and
water flow rate of (100 liters/hr in
the primary circuit). The graphs
show reliable coincidence between
the experimental and theoretical
results. The theoretical part of both
graphs show certain delay in the
average primary water temperature
response within first 120 seconds in
comparison to the experimental
results as the time constant, t should
take under consideration the effect of

mass and heat capacity of all
structural material in addition to the
water contained in the system.

60

éO —@—Thero.
>

20

—@—Exper.
10
0

0 5 10 15 20
Time (min.)

Fig.2 Experimental & Theoretical
average water temperature, Tpa
buildup in the primary circuit versus
time during power supply increase from
(618W to 1418W) based on secondary
flow rate of 170 I/h.

60

—@&— Exper.

—@—Theore.

0 5 10 15 20

Time (min.)

Fig.3 Experimental & Theoretical
average water temperature, Tpa
buildup in the primary circuit versus
time during power supply increase from
(618W to 1418W) based on secondary
flow rate of 200 I/h.

Fig.4 shows theoretical relationship
between the average temperature
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build up in the primary circuit versus
time during power supply increase
from (618W to 1418W) at different
secondary flow rates, 120 liters/hr,
170 liters/hr and 200 liters/hr and
water flow rate of 100 liters/hr in the
primary circuit. It is clear that the
steady state values of the water
average temperature buildup are
inversely proportional to water flow
rate in the secondary circuit.

60

Qc = 200 liter/hr
Qc =170 liter/hr
—— Qc =120 liter/hr

0 5 10 15 20
Time (min.)

Fig.4 Theoretical average water
temperature, Tpa buildup in the
primary circuit versus time during
power supply increase from (618W to
1418W) based on different secondary
flow rates.

Fig.5 shows the relationship
between normalized water average
temperatures in the primary the end
of power increase transient with
respect to its nominal value versus
water flow rates in the secondary
circuit at constant water flow rate in
the primary circuit. The results
clarify that these steady state values
at the end of each transient course is
inversely proportional to secondary
circuit water flow rate and that the
normalized average water
temperature increase with respect to
its nominal value decreases from

45.1% at water flow rate of 120 liter
per hour to 38.4% at water flow rate
of 250 liter per hour.

AOp/0pn, %
B » N P
o N H )]

w
[ee]

100 150 200 250 300
Qs, liter/hr

Fig.5 Theoretical results for the
normalized water temperature increase
at the end of transient course with
reference to its value during steady state
operation versus secondary flow rate at
130% of power density input to the
primary circuit.

Fig.6 and Fig.7 and the tables (4,5)
show the relationship between
normalized time constant with
respect to its nominal value versus
normalized water flow rate reduction
in the primary circuit and secondary
circuits respectively with respect to
their nominal values. Both graphs
demonstrate that the time constant
related to the transient behavior of
the average water temperature in the
primary circuit with respect to power
increase disturbance is inversely
proportional with water flow rates in
both circuits. However, the flow rate
in the primary circuit is more
effective in comparison to that in the
secondary circuit as the normalized
values of these parameters are 2 and
1.3 respectively.
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0.5
0
0 0.5 1 15
Qh/Qhn, %
Fig.6 Theoretical results for the

normalized time constant with respect to
its nominal value versus normalized
water flow rate reduction in the primary
circuit with respect to its nominal value.

16
1.2 "\H
=
N 08
[
0.4
0
0 0.5 1 15
Qs/Qsn, %
Fig.7 Theoretical results for the

normalized time constant with respect to
its nominal value versus normalized
water flow rate reduction in the
secondary circuit with respect to its
nominal value.

4. Conclusions

Investigation of heat exchangers
transient conditions based on step
increase in the heat load added to its
primary circuit during operation is
very important in the design of
safety engineering feature systems
related to any power production or
chemical process industries. The

results obtained from this study
proved reliable modeling for power
increase transient based on the
coincidence between the results
obtained from both experimental and
theoretical analysis. It is clear that
the steady state values of the water
average temperature buildup are
inversely proportional to water flow
rate in the secondary circuit. From
other hand this study gives an
indication to the estimated mission
time required for the operation of
safety systems based on the elapsed
time of each transient course to
avoid heat generation systems from
approaching the boiling crisis
accompanied by the poor heat
transfer mechanisms. The results
showed that the time constant related
to the transient behavior of the
average water temperature in the
primary circuit with respect to power
increase disturbance is inversely
proportional with water flow rates in
both circuits.

5. Nomenclature

M: Water mass in the primary side,
kg

Cpp: Water heat capacity in the
primary circuit, J/kg.°C.

Cps: Water heat capacity in the
secondary circuit, J/kg.°C.

Op,: Water average temperature in
the primary circuit, °C.

0s,: Water average temperature in
the secondary circuit, °C.

Qi: Heat input to the primary circuit,
w.
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U: Heat transfer coefficient between
primary and secondary circuit,
w/m?2.°C.

A,: Heat exchange area between
primary and secondary circuits, m?.
m®: Water mass flow rate in the
secondary circuit, kg/s.
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