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Abstract. Heat exchangers used in various industries, most often work in conditions of variable flows and
temperatures. At the same time, the existing theories of calculation of heat exchanger modes are based on
the use of constant dimensionless parameters in any mode of operation. The purpose of this work is to
obtain dependencies to determine the effect of coolant temperatures on the variable parameter of the heat
exchanger. Using the simulation method, dependencies were found that describe the change in the heat
exchanger parameter which made it possible to obtain a general formula for the change in the heat
exchanger parameter at varying coolant temperatures. To test the applicability of the existing relations
describing the change in the heat exchanger parameter and the formula obtained, a large number of heat
exchangers were calculated in variable operating modes. Comparison with the simulation results showed
that the ratios of the known theories of heat exchangers do not work in all modes and their application can
lead to significant errors. A formula has been obtained allows one to find the effect of coolant temperatures
on the variable parameter of the heat exchanger. The formula can be used to predict the modes of large
systems.

1 Introduction

off  t, -t
To assess the efficiency of heat transfer processes in NTUzzz HAQZI ’ M
variable operating modes, the values used in the theory
of heat exchangers are widely used, which include heat where o is a heat transfer coefficient, W/(m?K); F — heat
exchanger efficiency ¢, log average temperature and mass transfer surface; ¢ — specific heat capacity of
difference At, heat exchanger surface /' and the number the coolant (humid air), J/(kgK); Ar, is an average

of heat transfer units NTU. These indicators are widely
used for calculating and comparing the efficiency of heat
exchangers of various types [1, 2] in heat and power [3-
5], aviation [6], chemical industry [7], in ventilation and
air conditioning systems [8-12]. The convenience of

temperature difference between air and water, °C.

For heat recovery heat exchangers and gas cooling
under dry heat exchange conditions, formula (1) takes
the form [12, 20]

using dimensionless complexes, such as NTU, is in the kF
assumption that the heat transfer coefficient and the NTU = —, 2)
efficiency of the heat exchanger are practically Woin

independent of the temperatures of the heat exchanging
media [13, 14]. This allows to reduce the number of
unknown variables which is especially important when

where k is the heat transfer coefficient of the heat
exchanger, W/(m’K); W_. =Gc is the smaller

min

calculating the associated heat exchanger systems, equivalent of coolant flow rate, W/K.

however, it is often necessary to solve the problem by Taking W, = Q/s(t“ —tzl) [13], where ¢, —¢,, is
the method of successive approximations [5, 12, 15]. the maximum temperature difference between the
However this assumption is valid in a fairly narrow heating and heated coolants, and considering the
range of temperature variation of coolants, therefore the dimensionless specific thermal performance (efficiency)
use of constant parameters has often been criticized [2, of the heat exchanger ¢ equal to 1 from (2), we can

12, 16, 17]. The effect of temperature on NTU can be obtain (1)

estimated from the calculation formulas themselves.

E.V. Stefanov [18] proposed a method for evaluating the kF 0 -
effectiveness of irrigation spray booths using the NTU = W = AW = A
numbers of units of transfer of apparent and total heat. min ¢’ min
For explicit heat the following equation is applied [11,

19]

)

c

Then at constant temperatures of coolants, at any heat
output of the heat exchanger O, NTU will remain
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constant only in the case of constant volumetric flow
rates of coolants, L, = L,, m*/c, where L=W/pc. This

may be true, for example, for air-to-air heat exchangers
when the flow rate of the intake air is equal to the flow
rate of the exhaust air. For heat exchangers, in which the
flows of the primary and secondary coolants are not
equal and constantly changing, for example, for hot
water heaters, the ratio (3) will not be fulfilled. Whereas
the efficiency of the heat exchanger can be found as [12,
20]

t, —t
8:—l 11 12 , (4)
Wz Iy — 1y

it can be obtained that at constant temperatures of
coolants in a variable mode of operation, the change in
NTU will depend on the ratio of the flow of coolants.
With constant equivalents of coolant flow rates
W, =W, =const, the average temperature difference

between the coolants, as well as larger and smaller
temperature differences at the ends of the heat exchanger
will be approximately equal Az, = ¢, =df,, . Taking

At. =8t =t, —t, from (3) and (4) we get

NTU = Iy — 1,

Ly =1y

)

Thus with W, =W, =const the NTU complext will

remain constant in any mode of operation if the
temperatures of the heat transfer media are constant
t,, =const and ¢, =const or the temperatures of the

heat transfer fluids ¢, and ¢,, will change according to

the same law. In other cases, temperature changes NTU
will also change.

Obviously with a simultaneous change in the flow
rates and temperatures of the coolants, the effect on the
NTU parameter will be greater.

When calculating the variable modes of water-to-
water heat exchangers, the theory of heat exchangers E.
Ya. Sokolov [13, 21-23] is usually used, which takes into
account the large difference in the flows of primary and
secondary heat carriers

NTU = (6)

Jww,

It is obvious that the simultaneous influence of both
the flow rate and the temperature of the coolants on the
parameter NTU in an arbitrary variable mode using (5)
will be even greater. The study carried out in [17]
showed that the change in the parameter NTU depends
on the mode of operation of the heat exchanger, and it
can be considered constant only in a certain range of
ratios of temperatures and flow rates of heat transfer
fluids.

This paper is devoted to the study of the influence of
the temperatures of the primary and secondary coolants
on the parameter of the water-to-water counter-current
heat exchanger NTU in a variable mode of operation.

The goal of the paper is to obtain relations describing
the change in the parameter NTU in any variable mode
without intermediate calculations of the flows of heat
carriers. It is assumed that the results of this study can be
used to predict the operation of heat engineering
equipment, build a system for regulating heat flows, and
also to develop the theory of heat exchangers.

2 Literature review

Water-to-water heat exchangers used in heat and power
systems operate at large changes in the flow rates of the
heating and heated water and at temperatures of heat
transfer media varying according to different
temperature graphs. It is clear that in such conditions the
parameter of the heat exchanger NTU cannot remain
constant in any mode of operation. The nature and range
of variable variables NTU depending on the mode of
operation of the heat exchanger were determined in [17].

There are also widely used in practice nowadays [22,
23] methods for determining the effect of average heat
carrier temperatures on a heat exchanger parameter,
developed by such scientists as N. M. Singer [13] and
N.N. Chistyakov et al [16].

N.M. Zinger [13] considered the influence of
structural and modal factors of heat exchangers on the
parameter of tubular and lamellar water heaters.
Moreover in [13] it is noted that the thermophysical
properties of water in the heat exchanger change little,
i.e. the influence of average temperatures of heat carriers
on the heat exchanger parameter is insignificant and can
be described by rather simple dependencies.

Thus, for tubular heat exchangers in [13] it is noted
that at constant temperatures and coolant flow rates, the

specific value of NTU heater, NTU, =NTU/I, 1/m,

where [ is the total length of the tubes, is determined
only by the ratio of the intertube space f,, and tubes

f, - Thus, the specific value of NTU| (t) water-cooled

sectional heaters are proposed to be determined by the
approximate formula

Ji+0.008¢7), (7)

its

-0.6
NTU. (1)=0. 14@(&J (1+0.003]

A}

where ¢ is a coefficient taking into account the effect of
contamination of the heating surface of the heater is
tm

taken on average 0.75-0.85; ¢, f,.

" are average
temperatures of coolants in the intertube space and in the
tubes.

For plate heat exchangers in [13], the specific
parameter of the heat exchanger is determined as

NTU, =NTU/x, where x is the number of passes. The
effect of average temperatures of heat exchanging media
on the heat exchanger parameter NTU for heaters with
plates of 0.3 and 0.6 m?, at flow rates of 0.3-0.8 m/s and
medium temperatures of coolants at the entrance to the
apparatus, 25-125°C is determined by the formula
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NTU, ()= 0.75+0.005¢" , (8)

where the average temperature of the water in the water
heater is defined as the half-sum of the average
temperatures of the heating and heated water.

In [20] an attempt was made to clarify the NTU
parameter in variable operation modes depending on the
temperatures of the heat exchanging media.
Dependencies are given for a two-stage scheme of
connection of hot water heaters in a heat point

- for a first stage of heater

NTU'(¢)=NTU(0.615+0.385¢,);  (9)

- for a second stage of heater
NTU" ()= NTU(0.565 +0.435¢,).  (10)

In (9) and (10) in a variable mode the average
temperature of the coolants is determined depending on
the outdoor temperature z.,

- for a first stage of heater

t,=(30-2,)/30; (11)
- for a second stage of heater
t, =(60-¢,)/60. (12)

This assumption cannot be considered true, since the
temperature of the heating water can change not only
according to the heating and domestic schedule, but also
remain constant (quantitative regulation) and the
temperature of the heated water is constant at the
entrance to the first stage heater at any #,.

Thus the existing ratios are tied to a specific type of
heat exchanger (design characteristics) (7), (8), or to the
scheme of their operation (9), (10), do not describe the
change of parameters in any variable modes (for
example, at constant temperatures of heat carriers),
which requires their refinement and clarification.

3 The new formula to determine variable
heat exchanger parameters

To determine the type and nature of the curve describing
the change in the heat exchanger parameter, a
countercurrent water-to-water heat exchanger was
simulated in a wide range of changes in temperature and
coolant flow rates, according to the method described in
[17]. Modeling the effect of coolant temperatures on
NTU in various variable modes made it possible to
obtain a ratio, which in general terms can be written as

0
NTUL(¢)=
A s T e
5 ¢ , (13)
x A+B( tmi"J +D
8tmax

where W, and W, are the installation equivalents of
the flows of the primary and secondary coolants; Q. is
an installation heat capacity of the heat exchanger; ¢,,,,
and &f;

at the ends of the heat exchanger.

In modes with a constant temperature of the
secondary coolant or primary and secondary coolants, it
is necessary to know the temperature of the coolants at
the inlet to the heat exchanger and at the outlet of the
heat exchanger in (13). In modes with variable coolant
temperatures, it is necessary to know the temperatures of
the primary and secondary coolant at the inlet to the heat
exchanger and its heat output.

In (13) the expression in brackets determines the
effect of coolant flow rates on the heat exchanger
parameter, i.e.

0,5
A+ B 8tmin — tpl B thl WpcVth (14)
8t A\ ww, )

are larger and smaller temperature differences

n

max

where W, and W, are the flow rates in variable mode

C
and the complex B[gttﬂJ is added when both the
temperature of the coolant and the temperature of the
secondary coolant at the entrance to the heat exchanger
are constant.

A, B, C, D the coefficients depending on the mode of
operation of the heat exchanger:

A determines the amount of deviation variable NTU(¢)
from constant NTU when the heat capacity of the heat
exchanger changes;

B determines the magnitude of the effect of the
maximum and minimum temperature difference at the
ends of the heat exchanger on the NTU(¥);

C determines which of the values ¢, or 6¢,,, hasa

greater impact on NTU, i.e. the direction of the curve
NTU(®);

D determines the deviation of NTU(¢) from constant
NTU in the same mode of operation depending on
changes in installation conditions.

The values of the coefficients in (13) can be
determined in a constructive calculation according to
Table 1.

For engineering calculations, you can use the average
values of the coefficients given in Table 2, while the
error in the calculations in the range of the temperature
difference between the coolants will be up to 10-15%.

It should be noted that at a constant primary coolant
temperature #,; = const, the variable parameter of the
heat exchanger NTU(?) slightly deviates from constant
NTU for any changes in flow rates and the heat capacity
of the heat exchanger [17] and can be determined by (5)
in the installation conditions.

This is especially important when the operating
temperature graph deviates from the accepted one as
well as when calculating the operating modes of the tied
heat exchangers where the number of unknowns is much
greater than when calculating a single heat exchanger.
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Table 1. The coefficients in (13).

Heat exchanger operation mode
Coeff.| Wmn=const, tm=const, f;1=const; fu=const; 0=Qc fmzconst, iy I#Oltlslt’
= = 0 . 'p
Wpi1=const 0=0. Ip1 INncreases tp1 decreases fp1 INcreases decreases
1.617 —
- 0.932 +
A _0.347 Vhe 1 +0.01(tpd _thcl) 1.3 1.7 0.98
pe
(1~ tw N 0 for (¢, £, )>100 °C | _ (00 -t )\/Wpc””h_c
B 0 AR B o | 13 -0.87
0. -1 for (¢, ~ 1, )<100°C e
1.95-0.015\¢ ., =5 )I¥
! e ~taa ] 0.248 +
c 0 14 Whe. 0 Whe 0 0
1y +0.213 A<
pe We
0488 =8.047x 0.106 + 0.086 +
10’3(t _t )+ 1.655 —
© N ha W, 0.752 e | 40104 Do
0 -0.009 . +0. < | 4. c
b +3.131-10 7 x —O.815W—h W, W e
2 pe
x (tpcl - thcl )
Table 2. The average coefficients in (13).
Heat exchanger operation mode
Coeff.| Wii=const, tni=const, f;1=const; tir=const; 0=0. p fmFconst
= = : Ip1
Wpi=const 0=0. fp1 Increases tp1 decreases increases tp1 decreases
A 1.46 1 2,3 1.3 1.7 0.98
( 0 f;)r
tor =ty NW W ! pet 11 )>100 °C Lo =t NW oW
B 0 —( n =t N, " _—( Pl MNTeeThe |53 -0.87
Q- -1 for Q
‘ (¢ yo1 — 41 )< 100 °C ‘
0.9 for (¢ 0 — 13,1 )> 350 °C
0 0 0.4 0.4 0
¢ 1.8 for (£ o —2,e1 )< 50 °C
-0.98 for (f .y 241 )> 50 °C
D 0 -0.009 0.9 1 0.2
-0.67 for (¢ 0 — 13,1 )< 50 °C

installation heat output of the heat exchanger is O~
1200 kW. In the case of fixed flows, the heat transfer
coefficient is affected only by a change in the
temperature of the heat transfer fluids. From (5) follows

4 Results and discussions

To verify the adequacy and comparison of relations (6)-
(10) describing the variable modes of the heat that NTU(t):kF/ w.W, = Q/ (At w.w, )~Q/Az;

exchanger, a simulation of the heat exchanger was those NTU(#) should change along a logarithmic curve,

performed, anfi the variable parameters NTU(I) in as shown by the simulation results (curve /); curves 2
various operatlpg mgdes were determined using the and 3, constructed by the (10) also describe well the
proced'ure described in [18]. The temperature range of dependence NTU(#) (left part of the graph). In the right-
the Oprlmary coolant was.chosen in the rangoe of 70' hand side, the temperatures of the heat carriers are
150°C, the secondary one in the range of 30-60°C, which constant and NTU(#)~Q. At the same time (6), (7) and
corresponds to .the working temperature ranges of heat- (9) do not reflect the actual change in NTU(¥) especially
transfer agents in the second stage heater at the thermal in the region of variable temperatures of heat carriers;

point for evaluating the formulas given ip [16]. the use of these relations can lead to a significant error.
In fig. 1 shows the results of calculating the modes of

the heat exchanger at constant equivalents of the flows
of heating and heated coolants. In the calculation, the
temperature of the network water varied according to the
heating schedule of 150/70°C, with cutting at 70°C. The
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Fig. 1. Relative variable parameter of the heat exchanger with
W1 = const, Wp1 = const.

In fig. 1, number / is a simulation according to the
method [17]; number 2 is according to (13) with the
coefficients in Table I; number 3 is according to (13)
with the average coefficients in Table II; number 4 is
according to (7) for tubular heat exchangers [13];
number 5 is according to (8) for plate heat exchangers
[13]; number 6 is according to (10) for the second stage
of heater [16].

The mode at constant coolant temperatures
(tn=55°C, t,=150°C, O~180 kW) is shown in fig. 2. In
this case

NTU()=kE[ W, W, = Q/(Atm/WpW,, )- o/ W,

those NTU(#) will change according to the hyperbola law
(line 7), which curves 2 and 3 reflect according to the
(13). Relations (7), (8) and (10) are again inapplicable in
this case, since they describe linear dependencies.

NTU T T
L6

14+
1.2 r
1.0
0.8 r
0.6
04 r

02 L .

0 1 1 1 1 L 1 1 1 L
09 10 1.1 1.2 13 14 15 16 1.7 18 Q/Qc

Fig. 2. Relative variable NTU of the heat exchanger with
tm=const, #,1=const. Numbers - see notation for fig. 1.

For the regime with a constant temperature of the
secondary coolant and the temperature of the primary
coolant rises with increasing thermal power (#1=35°C,
t,1=70-130°C, O~1300 kW, see Fig. 3), a decrease in
the primary coolant flow with increasing its temperature,
therefore, the dependence of NTU(¢) will have the form
of a decreasing curve. In this case (7), (8) and (10),

which do not take into account the combined effect of
temperature and flow rates of heat exchanging media,
also give a significant error in determining NTU(?).

NTU ' ' ' '
16 |

14+
121
101
08

06
04r 7
021 b

0 1
084 0845 085 0855 086 0.865 Q/QC

Fig. 3. The relative variable NTU of the heat exchanger with
tm=const, #,1 increases with increasing Q. Numbers - see
notation for fig. 1.

At a constant temperature of the secondary coolant
and a decrease in the temperature of the primary coolant
with increasing thermal power (#,=35°C, ¢,=150-
100°C, 0~2070 kW, see Fig. 4), a simultaneous
increase in QO and the flow rate of the primary coolant
compensates for the effect on the heat exchanger
therefore, in this case (6) and (7) can be applied to
describe the variable parameter NTU(#). Relation (10)
and in this case does not apply.

NTU T T T
1.2

1.0

0.8

0.6

04 r .

02 r .

0 1 1 1 1 1 1 1
0.840 0.844 0.848 0.852

Fig. 4. Relative variable NTU of the heat exchanger with
tm=const, fp1 decreases with increasing (. Numbers - see
notation for fig. 1.

If the temperature of the secondary coolant decreases
simultaneously and the temperature of the primary
coolant increases with increasing thermal power (#,=65-
10°C, ¢,,=70-150°C, Q=270 kW, see Fig. 5), the coolant
flow rates change little and their effect on NTU(¢) is not
large, so in this case (7) and (8) can also be applied to
describe the variable NTU(?). Relation (10) gives a big
error in determining NTU(#) for small values of O, i.e.
and in this case is not applicable.
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Fig. 5. Relative variable NTU of the heat exchanger with
decreases, #p1 increases with increasing (. Numbers - see
notation for fig. 1.

When simultaneously decreasing the temperature of
the secondary coolant and primary coolant with
increasing thermal power (#,1=55-20°C, ¢,=150-70°C,
0~450 kW, see Fig. 6), the primary coolant flow rate
increases significantly, which affects to NTU(?). In this
case (7), (8) and (10) cannot be applied to describe the
variable NTU(¥).

NTU !

121

L0

081

0.6 7

04 1

02r b

0 I
02 04 06 08 10 12 14 16 Q0O

Fig. 6. Relative variable parameter of the heat exchanger with
tm decreases, fp1 decreases with increasing Q. Numbers - see
notation for fig. 1.

5 Conclusions

The ratios describing the effect of the average
temperature of the coolants on the heat exchanger
parameter proposed in [17] are tied to a specific type of
heat exchanger and depend on its design characteristics.
They can only be used for preliminary estimates in the
installation mode. The formulas proposed in [16] were
developed for a specific scheme for the connection of
hot water heat exchangers in a heat supply station. In
addition as the study showed (7)-(9) cannot be applied to
describe any variable operating mode of a heat
exchanger since they do not take into account the
combined influence of flow rates and temperatures of
heat transfer media on the heat transfer coefficient which
is also noted in [13].

The proposed formula (13) makes it possible to
describe any modes of operation of the heat exchanger,
including the mode at constant temperatures of heat
carriers, since it also takes into account the effect of
changes in the flow rates of heat carriers and thermal
power on the heat exchanger parameter. Relation (13) is
not tied to a specific type or scheme of switching on a
heat exchanger; therefore, it can be used to calculate and
predict the modes of large systems consisting of several
connected heat exchangers.
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