ON CALCULATING THE DYNAMIC CHARACTERISTICS
OF TUBULAR HEATERS
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Following is presented an analytical procedure for calculating the dynamic characteristics
of tubular heaters with an intermediate heat carrier,

In many branches of industry one finds a wide use of tubular heaters with water as the heat carrier
circulating in a closed system and, in turn, heated by steam in a mixed-phase boiler,

The use of an intermediate heat carrier distinguishes this apparatus from jacket-type heaters with
steam passed directly between the tubes, and this feature determines its peculiar dynamic characteristics.

In order to calculate the dynamic characteristics of such an apparatus, we will make use of partial
differential equations describing the transient heat transfer which occurs here. It is possible to introduce
the following simplifications: the heated product flows uniformly, the thermal flux along the walls and the
heat storing capscity of the heat-exchanger wall are negligibly small [1], the physical parameters of the
heated product and the heat transfer coefficients are constant and equal to their mean values over the dura-
tion of the process; the temperature of the heating water in the circulation system is constant and equal to
the arithmetic mean of its entrance and exit temperatures.

In accordance with the heat balance condition, we have
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In this way, the dynamics of the apparatus will be uniquely defined oy the values of two similarity
criteria @ and b, while the exit temperatures of the heated product are
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In order to determine &, we find the solution to (3), (4). The initial conditions for
=0 X>0; 6,0 =0,

a9,

=0; 6,(X; 0)=0,
3 (X5 0)=0
00, (X; 0)__0
a®

are
X =0 4>0; 6,0; 9)=0

AG = g (9).
By transformation into the time coordinate, we obfain for given initial conditions:
1
T (p) +ay { [Ti(p) — To(X; p)] dX = axg (p), (6)
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From (7) and the boundary conditions, considering that T, (p) is independent of the space coordinate,
we obtain
Ty (X; py= T ,exp [—(p -+ b) X] + b (1 —exp [—(p+ ) X]).

Insertion of T, into (6) and integration over the specified limits will yield
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Fig. 2. Structural block diagram of the heater, Fig, 3. Transient response of a tubular
heater,
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Expression (9) describes the temperature dynamics of the heating water as a function of the steam
rate and of the heated product temperature at the entrance,

Inserting Ty from (9) into (8), we obtain for the heated product temperature at the exit
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where
M(p) = p(p + b)(p + a, + b) exp(— p —b) +-a,b [1 —exp(~—p—b)],

N(p)=plp+b)(p+a,+b) -+ ab [I —exp(—p—b)],
Q(p) = axb(p +-b) [1 —exp(—p —b)].
The transfer function
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relates the exit temperature and the entrance temperature of the heated product at a constant steam rate.
The transfer function
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establishes the dependence of the heater exit temperature on the steam rate,

In this way, the structure of the apparatus as a regulated system can be shown schematically as in
Fig. 2.

Of most practical interest is the study of temperature dynamics at the exit from the apparatus in re-
sponse to a perturbation along the heat carrier duct. In order to simplify the computations, we approxi-
mate the transcendental transfer function W, by its first-order term, i.e., we agsume that

Ksys
Tp+1°
Since the approximate transfer function is equal to the exact transfer function under steady-state con-
ditions (p — 0), then
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Since the integral evaluations of transient processes according to the exact and according to the ap-
proximate transfer functions are equal
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The use of the described methed is shown in the case of a PTU-5M tubular milk heater whose dynamic
characteristics have been calculated, Given: heat exchanging surface 2.25 m?, rate of heated product (milk)
flow 2.9 m/sec, production rate 5,000 liters/h, path length of heated product flow 30m, k= 1980 W/m?,
in = 27-10° 3 /kg, i = 325°10° J/kg, cp = 3.9-10° I /kg-°K, c = 4.168 J/kg K, pp = 1.030 kg/m?; mass
of heating medjum (water) 150 kg.

According to (13), the exit temperature during a step change in the steam rate is

6, ~Ksys[1-—exp(—7£)]AG (15)

The curve shown in Fig. 3 was calculated by Eq. (15) for the transient response to AG = 0.02 kg/sec,
The test curve corresponding to the same perturbation is shown by a dashed line.

NOTATION

c is the specific heat of water, J/kg °K;
m is the mags of the circulating heating water, kg;
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is the temperature of the heating water, °K;

is the temperature of the heated product, °K;

is the time, sec;

is the heat transfer coefficient, W/m?;

is the length of the flow cross-~section perimeter, m;

is the space coordinate, m;

is the steam rate, kg/sec;

is the enthalpy of the heating steam, J/kg;

is the enthalpy of the condensate, J/kg;

is the length of the heated product flow path through the apparatus, m;
is the velocity of the heated product flow through the apparatus, m/sec;
is the heat exchanging surface, m?;

is the cross-section area of the heated product in the apparatus, m?;
is the specific heat of the heated product, J/kg-°K;

is the density of the heated product, kg/m?;

is the steady-state temperature of the heating water, °K;

is the steady-state temperature of the heated product, °K;

is the steady-state temperature of the heated product at the exit from the apparatus, °K;
is the steady-state steam rate, kg/sec;

is the water equivalent of the heated product;

is the temperature of the heated product at the entrance to the apparatus, °K;

is the gain of the regulated system.
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