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Abstract

The paper includes equations described heat exghancountercurrent flow heat exchangers. Takimgenergy
balance formula as a basis and dividing the heaharger into sections, the thermal balances ofdbaled fluid,
plate and heated fluid are prepared and pertingtsteam of three differential equations is derived.

The ¢ -NTU method is used in the analysis. Exemplarypegature profiles in steady state conditions are
presented in a graphic form. Transfer functions ahghamic characteristic are determined. Responsestep
disturbance of inlet temperature is found.

Responses on step or on sin disturbance of iatapérature in steam condensation heat exchangersoand.
The results of calculations are presented in a graform.
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1. Introduction

A heat exchanger is a device in which energy issfiexred from one fluid to another across a
solid surface. Exchanger analysis and design therafvolve both convection and conduction.
Radiative transfer between the exchanger and thieoement can usually be neglected unless the
exchanger is uninsulated and its external surfacesvery hot. Exemplary countercurrent flow
heat exchangers are presented in Figures 1 and 2.

The base for elaboration of control systems is kadge of static and dynamic characteristics
of heat exchangers. Two important problems in lezahanger analysis are: rating existing heat
exchangers and sizing heat exchangers for a plartigpplication.

Rating involves determination of the rate of heansfer, the change in temperature of the two
fluids, and the pressure drop across the heat agehaSizing involves selection of a specific heat
exchanger from those currently available or deteimgi the dimensions for the design of a new
heat exchanger, given the required rate of heasfiea and allowable pressure drop. THTD
method can be readily used when the inlet and toigileperatures of both the hot and cold fluids
are known. When the outlet temperatures are nowkndhe LMTD can only be used in an
iterative scheme. In this paper th&ITU method is used to simplify the analysis.

2. Energy Considerations

The first Law of Thermodynamics, in rate form, apglto a control volume (CV) between
crosses 1 — 1 and 2 — 2, can be expressed as:

energy inflow = energy outflow + exchanged heateuanulated energy

or Qnt = Qut + Qch + Qc - (1)
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Fig. 1. Schema of plate type heat exchanger
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Fig. 2. Longitudinal flow heat spiral exchanger,lahgitudinal section, b) cross- section

This simplified form of the First Law assumes norkvoproducing processes, no energy
generation inside the CV, and negligible kinetid @otential energy in the fluid streams entering
and leaving the CV. In steady state operation tiexgy residing in the CV is constant, meaning
thatQaCC = 0

If, furthermore, the boundary of the CV is adiabdtie., perfectly insulated), thépuycn= 0.
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Fig. 3. Control volumes of cooled fluid (markedidl 1) and of heated fluid (marked: fluid 2)
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between sections 1-1 and 2-2 in the countercurftent heat exchangers

3. Thethermal balances of a single stream of the cooled fluid, of plate and of the heated fluid

The following simplifying assumptions are introddda the analysis:

- heat conductivity along the plate is disregarded,

- densities and heat capacities are constant inaenesl temperature range,
- overall heat transfer coefficient in constant inpalints of heating surface,

- heat losses to environment are disregarded.

The ingredients of the energy balance for a sistyelam of the cooled fluid are as follows:

Qint = G" 10154,

, 93,
Qout = G'1C1(dh + ?al) dt,
Qexch= MSi(F1 - F50) dl dt,

Qacc = A]_RLC]_% dl dt,
t

By substitution equations (5) into (1) we get

09 N E)
A pyC, a_tldl +G'c 6_|1 = alsl(ﬂsc _ﬂl)dl J
thus
05 05
Tl atl +V1Tl 6|l _1930 191’
where:

1

a, (s, 4ldr, "s
and

a —heat transfer coefficient [W AK™]
A —area of duct cross — sectionaf[m

Al[pl[cl - Dhl |:Iol[cl D _4[A1 GI :Gl :A.‘I.[I[pl[vl -
) 1 .
I

B, L, H— width of heat exchanger, length of duct, leraftexchanger, respectively [m]

c —specific heat [J K§K™]
dl —element of length [m]
Dn — hydraulic diameter [m]

(2)
3)
(4)
()

(6)

(7)



o —density [kg 7]

S —wetted periphery [m]

J —temperature [K]

t —time [s]

T —time constant [s]

G'c = W'— water equivalent for one duct [WK

v —velocity [m.s']

1, 2, sc- cooled, heated fluid, plate, respectively,

The thermal balance of plate takes the form:

S0, 2% dl =, (9, =9, ) -, S(,. =5, ). ®)
and
0J 1 1
< =— 9, -9, )-——(F.-F,), 9
Gt Tls( 1 sc) Tzs( sC 2) ( )
where:
g — wall thickness [m],
and
(Stglpy)ic, (Stglpy)ic,
Tls S ——— T2$ e —
a, [B a, s

The thermal balance of the heated fluid takes ahe f
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A, p,C, a_tzdl_Glz Cza—|2d| =a282(193c_192)d| ' (10)
thus
079 079
T2 a_tz _V2T2 a_lz = ’93c _’92’ (11)
where:
T2 _ A2 [,02 [C2 _ D,,[p,!c, th _ 4[A2 G = G2 _ A2 i [,02 [V2 :A2 Epz wz :%.

a,S, Aer, s, i+l i+l
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4. Static characteristics of plate heat exchangers

If we disregard time derivatives in the balance atigms (6, 8, 10), we obtain differential
equations for steady state conditions:
1 0191

W, = =a,8(0: = 5), (12)
O:al(ﬂl _ﬁsc)_az (7950 _792)’ (13)
_le % = azsz (ﬂsc _192)’ (14)
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Boundary conditions are as follows:
forI=0 & =t', (15)
forl=L &, =t,. (16)
where

t' — inlet temperature [K]

If we solve equations (12, 13, 14) taking into agsddoundary conditions (1516), we obtain
of formulae describing temperatures for the stestdie conditions:

1-exp((w', /W', -1) ik [F(1)/W",)

)=t =t -t , 17
()=t-{ts 2)1—(W'1 IW', expl(Wr, /W', -1)tk OF (L) /W, ) a7
9.()=t +fe - )M exy:((W'l/W'z—ll)[k['F(I)/W'l)l—ext:((W'l/W'z—l)[kl[F(L)/W'l)’ (18)
W, 1w, 1w expl(we, /w', -1k TF (L) /W, )
ﬂsc(l):al[ﬂl(l)+az 9, (1) (19)
a,+a,
where:
1.1,1,9.R, F()=2mB0, F(II): 2180 _ 4 il (20)
k al aZ /1 W 1 Al EVl @l |11 Dhl |Ell []91 E:l
and
F — heat transfer area fin
k —overall heat transfer coefficient [WTK™]
A — thermal conductivity coefficient [W K™
R, — additional thermal resistance of calcium preaifins [W* m? K]
In balanced heat exchangé/ﬁé =1. Hence from equations (17, 18) we obtain:
2
KIF(L)/w,
—p _fpr g , 17
z91(') ty (tl tZ)D1+kEF(L)/W'lEII: (17a)
k CF(L)/wW! |
)=t -t,)3 L_1-— 1
2() 2 (1 2) 1+kEF(L)/W'1 Lj' (18a)
In steam heat exchangers; WW; = and from equations (17, 18) we obtain:
I()=t,, (17b)

3,(1)=t,+{,-t,) [Eex;{ k(F 0(/3/_ all »] —1] , (18b)

Taking into account that:
t", =3,(L), (21)



t',=5,(0), (22)

the outlet temperaturds,, t", can be calculated from system of equation (17, itBpalanced
heat exchangers from equations (17a, 18a) andeammstheat exchangers from equations (17b,
18b).

5. Dynamic characteristic of plate heat exchangers. Response to disturbance of temperature

Plate heat exchanger is considered as elementwatimput and two output quantities:
Y2=G2ax2 Xz, (23)

Xo= X [t'4, t'2] — input signal, two — dimensional vector
Y, =Y [t", t"2] — output signal, two — dimensional vector

() tu(s)

Gll GlZ H - tll (S)
GZl GZZ

G — transmittance matrbG =G,,, = H

If we disregard heat accumulation in plates of exger (9) in the thermal balance equations
(7,9, 11), we should obtain system of two différ@requations:

0J 09

T, _Otl +v, T, ' L=9,-9, (24)
09 09

T, _6t2 -v,T, _6I2 =39 -9,, (25)

where T, and T, are calculated for overall heat transfer coeffitie

Let's consider small changes of temperatures frate ©f equilibrium:
d, =9, DI,

where 9 — temperature in state of equilibriud? = © — change of temperatug@.

Let’s define:
L*, :VlLTl L L*, =V2LT2 v :\‘/’—z, t* :VlL“, I :'—L, i e.: dt+ :V—let, di* :d—L'.
Then equations (24, 25) can be written in dimersgsform [1]:
g?*l +%= L* (0,-0,), (26)
v 992 09, =L*,(0,-0,), (27)

ot* adl*



We solve system of equations (26, 27) by the Laplactransform method. Boundary
conditions (15, 16) are transformed too and inaluidéo solution. Then, the transfer functions can
be written as:

2gexpb +
L= aexpbtaq) (28)
gq- p+(p+0)expia)
1-exp(2
G, =L*, pE20) | (29)
p+q-(p—0q)exp2q)
1-exp(2
G,y =L%, pE2q) , (30)
p+q-(p—0q)exp2q)
2gexp(-b+
L= aexpCb+a) (31)
- p+qg-(p+0)explq)
where:
1-r b -b 1+r b +b
b=- s+t 2| p= s+ 2| gq=+p®-bb,.
re bt (i Bt o g

6. Simulations example

Change of outlet temperature of cooled flaig" (t), which is response to step change of inlet
temperature of heated fluii' (t) could be calculated from equation.

-5 M

whereM(sy) is humeratorN(s) denominator of the taken into consideration tran&finction, s,
are roots of an equatid(s) = 0 andN’(sx)= [dN(S)/dS]s=sk

First summand in right part of equation (32) repr¢s steady-state conditions, following —
transient components.

The transfer function&;,, Gp; are interesting particularly. In case steam cosd&on heat
exchanger$, b, = 0, hence = g and the transfer functior,; takes the form:

(32)

G.=L* 1—exp(—b2)exp((1+ F)S)
21 2 (1+ r)s+ b2 y

Supplementary schema of heat exchanger under equ@8) with sine-response function is
showed in Figure 4.

(33)



Fig. 4. Supplementary schema of heat exchangerriagigtion (33) with sine-response function

7. Conclusions

Values of temperatures in individual sections cetourrent flow exchangers could be
computed using presented method of calculations.

Important element of this computations is detertnomeof heat transfer coefficients, a, and
overall heat transfer coefficiekt

Better knowledge of specificities enables farthptiroization heat exchangers and exchanger
control systems.

This study has been made within the frame of the Project No. W/I1.8/21/06
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