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SUMMARY

A digital code, named TUMHEZX, will be presented which is based on a linear analytical
one~dimensional model calculating the frequency response behaviour of coolant temperature
and/or coolant mass flow on both (primary and secondary) outlet sides of a counterflow
shell-and-tube type heat exchanger with respect to perturbations in the corresponding tem-
perature and mass flow parameters at the inlet to the primary and/or secondary side, respec-
tively.

To make the heat exchanger model as comprehensive as possible, mass-flow dependent
heat transfer coefficients, an exact solution of the heat conduction through the tube walls
and (at least with respect to the coolant mass flow rates) temperature-dependent coolant
densities had been taken into account.

TUMBHEX has been tested against frequency response measurements on an industrial-size
heat exchanger and has shown good results.

An auxiliary program FRETI which permits a retransformation from the frequency
into the time domain in a numerical way will enable to calculate from given frequency
response curves the time response behaviour of important heat exchanger parameters
against both step and/or any system perturbing signals.



1. Introduction

The digital code TUMHEX (an abbreviation for "Techn. Univ. Munich, Heat
Exchanger Model") will be presented. It is based on a linear analytical
one~dimensional model and calculates the frequency response behaviour of
fluid temperature and/or fluid mass flow on both (primary and secondary)
outlet sides of a counterflow shell- and-tube type heat exchanger with

respect to perturbations in the corresnonding temperature and mass flow

parameters at the inlet to the primarv and/or secondary side, respectively.

An auxiliary program FRETI (an abbreviation for "frequency-time transfor-
mation") will permit a retransformation from the frequency into the time
domain in a numerical way, l.e., give the possibility to calculate from

given frequency response curves the time response behaviour of important
heat exchanger parameters against both step and/or any system perturbing

signals.

With the development of more and more complex plant systems having different
heat removal circuits heat exchangers play often a significant part among
the whole system performance. From the necessity to control the whole plant
in an adequate way the question concerning the dynamic behaviour of each
individual element arose and became more and more important. Especially

in the reactor industry the stability behaviour of large nuclear power
plants had to be taken into consideration in addition to the problems of
controlling these plants. Whereas much effort has been undertaken to cal-
culate the dynamic behaviour of the reactor core as exactly as possible,
the equally important question with respect to the conventional parts of
such a nlant (e.g., heat exchangers, evanorators, steam turbines) are

very often not as carefully handled.

HHowever, the literature about the dvnamic behaviour of a shell- and ~tube
tvpe heat exchanger has increased in recent vears. Starting from the already
classic papers of Profos [1] and Takahashi [2] the first of the theoretical
models have been developed only for the inlet-temperature perturbed case
(i.e., having constant mass flow), assuming temperature-independent physical
fluid and tube wall properties, constant heat transfer coefficients and
negligible heat transport delay through the tube wall (i.e., thin tube
walls) . Thus, the fluid dynamic behaviour could be characterized by un-
complicated partial differential equations following an energy balance
consideration. Law [3] presented a frequency response model which took

also mass flow perturbation into account. He assumed the heat transfer
coefficient to vary proportionally to the fluid veloclity and simplified

the resulting transfer functions by taking advantage of the "resonance

effect" behaviour. Good agreement with experimentally measured dynamic
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data could be stated. Piitter [4] established a similar model with respect
to inlet fluid temperature and inlet fluld mass flow verturbations for
both co- and countercurrent water-cooled heat-exchangers, adding half of
the statlonary tube wall heat resistance value to the corresponding heat
transfer coefficients on each exchanger side. Calculations compared to
osclllator-experiments performed on an industrial-size heat exchanger
showed good agreement. Remarkable was the fact that the neglection of the
fluid-velocity-dependency of the heat transfer coefficients can cause
substantial errors. (Two of these measurements had been also used for the
comparison with the theoretical heat exchanger model being presented in
the next chapter).

2. Theoretical model:

In this chapter only a brief review of the theoretical frequency response
model will be given (For more details see ref. [6] ).

The following notations had been applied:
All quantities for which no time (or frequency) dependency 1s expli-
cltely indicated are steady state values. Time dependent deviations
around the steady state will be &enoted by J, relative time dependent
deviations (with respect to their steady state value) by Jr:

Tle4) = Te) « Med) = T@[1+ LT "

The corresponding Laplace - Transformation is abbreviated (and
defined) by:

TT 29 e { Tt = § <t PTG Y dt (2)

4]

Subscripts:
A, E outlet, inlet
M mean value
T tube wall
I, I1 shell-side (outer) and tube-side (inner} fluid

Because of the different demands on a heat exchanger in a reactor power
plant (mostly because of different structural materials and working fluid
media, e.g., the combination water - sodium) the model had to be derlved
under much more serious restrictions than done in the literature before.
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2.1, Assumptions

The underlying (single-pass) heat exchanger had been assumed to consist

of a bundle of N, pmarallel tubes (rI, outer and inner radius) with

ro.:
T IT
the fluid I flowing on the outerside, fluid II in the opposite direction
on the innerside of the tubes. The heat fluxes (qI(z,t), qII(z,t)) were
considered to be dlrected towards the corresponding fluild media, thus

permitting negative values as well.

Since the model should include any medium (e.g., water,steam, sodium,
organlc substances) a temperature dependency of the fluid density had to

be taken into account, approximating it by a linear function of the form

Tt -Te 1

plTe 0l = g lA-6 — 2

Similarly, the temperature-dependency of the fluld enthalpy could be also

approximated by a linear function
ATTEDT 5 &g + € [ T4 - Te] (1)

(c = specific heat of the fluid)

A "one-dimensional" local representation of the characteristic flow variab-
les had been aoplied by assuming the variables to be onlv axial- (and

time~) dependent, but being averaged values over the flow area.

The heat flux in radial direction through the tube wall had been calculated
by using the exact Fourier equation, contrary to other authors which con-
sidered infinite heat conduction or negligible tube wall thickness. (Axial
heat conduction could be neglected). The heat conduction coefficient?\T, the

specific heat c,, and the tube wall density P had been assumed to be (axi-

T
ally and radially) constant along and/or through the tube wall. In accor-
dance with Law [3] and Plitter [4] the time behaviour of the heat transfer
coefficients (MI,&II) had been taken as linearly dependent on possible

(inlet) fluid mass flow variations, i.e.,
alt) = o« [Aregfime®] (5)

Heat conductlon to the outer shell had been (and could be) neglected

Both the steady state and the non-steady state situation had been con-
sidered. In the non-steady state case a linearization procedure had to
be applied in order to solve the comnlicated differential and integral
equations, so that after golng over to the Laplace domain exact analvtical
solutions of the above mentioned equations could be established, This
procedure restricts of course the validity of the formulas to only "small"

parameter varilations around thelr steady state values. However, a validity
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in the range of 10 percent and more relative variation 1s satisfactory
enough for the most problems being looked at.

2.2. Heat transfer through the tube wall

The heat fluxes qI(z,t) and qII(z,t) can be calculated from the wellknown
Fourier heat conduction equation
§, € T lrmt) 7t (=) A Ttz mt)
e it ~ I (6)
with the initial condition
&T-r(tl(rl{:o) =0 (7

and the boundary (and/or heat transfer) conditions

_ Gz it) - O(I(L) [TI(E'H ~T G ot )]

=y aw g (8)
(%)
S W [T esd)-Ted]  ©
"= n—I I
This yields
§rlz) = - 4;(3) = Zwag oog [ To(a) - Te(a)] (10)
with the "overall heat transfer coefficlent”
i .4 .. L L S (11)
Lrp e Ar L Mt Uy

and

aCi'r("“:s) = - 111"".1:"‘1‘{Y'rn: () [FI(zns) + Tp (@) Lo (9)] +

_ (12)
4 Yrrp(s) [JTI (&,5) + T‘I (z) LMIE(S) ]}

with

Y_m(s) = - . Y6 [LMA) a6 + KB ] (13)

\(Tm(s\ = (g YE ts) [IA(AI)Y,,cs) + K,(A,)Yc(s)] (14)
or

30(1:(1-.53 - lwagdg {YTII(S)[JTI("S) +Tar &) demize ()] +

(15)
Negr© [T 9 + Typ @ g 91

with

Yorr ) = = LgYe [T, Ax) Y26 + Ki(Ag) Yoo ] (16)

Negr® = N Yoy [T As)Yy6) + K, (Ag) Ye(s)] (17)



and the abbreviations

L
A Ny =m0 5% (18)
A «
‘D‘I = “:ﬂ& A _[LI _o(; I\I (19)
Nots) = T, (Ag) -~ 05 T, (M) (20)
Yi(s) = KolAz) + flx K,(Ag) (21)
YC (S) - I° (AI) + ﬂ.r I4 (AI) (22)
Ny ) = K,(Ag) - Lz K, (As) (23)
-4
Ye 5) = [MaYp(s) - a0 Ye 9] (24)
9 ()
Tocx(‘) = vy Xy I (25)
9z ()
T ®- rrarsarmalls (26)

(IO(A) B I1 Ay, Ko(l\) and K.I (A) are modified Bessel and Mc Donald functions
of O-th and 1-st order)

2.3. Mass flow behaviour

The temperature-dependent axial mass flow variations can be calculated
from a mass balance equation,e.g., given in a differential form

I L O e L @
AI?—i{pI[TI(I‘é)]} + ’391 {MI(E'H} - 0 (28)

with the initial

8T (z,t=0) =0 T (z,£=0) =0 (29)
dTp(z2,£=0) =0 Jomg(z,¢=0) =0 (30)

and boundary conditions

Te(ze=%,t) = Tel® o (1=z1_|-!:) - g (4) (31)

Te(z=0,4) = T ) ”"1(“0") = g () (32)
Thus,

My (z) Ar pr [(@T3(z) = my = my,

(33)
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Ar ?I [TI(E)] Ni(l) M][E - ,vwer (34)
and
* 3_&:1-»4 T (9 (35)
S"G'rm IR T () (36)
with
zTAIPJ:E 1Eu
37
_G-ITM My Tie 6‘P:': G7
2 Ap e Tiu
Ferm e T PE (38)

2,4, Fluld temperature behaviour

As presented in an earlier report [5] the dynamic fluld temverature beha-
viour can be calculated from an energy balance equation which is now written
in integral form and differs from those given by other authors. It can be
derived due to the fact that the enthalpy of a differential fluid volume
element (at a certain position z and time t) can be thought of as the sum
of 1ts entrance enthalpy a certain fluid travelling time before plus the
heating up of the fluild element during its way up to the position z. After
some rearrangements and the application of the mass balance eauation this
leads - applied to our case - to the following integral equations:

N
Tt -T[+-T; (2e,24)] ,c; g (39)
42t-To (a2 t)
and 2
¢ _ Nr g qr‘l‘:(i-ﬂ-t") d}!—,'

Tp(zt) - Tee (£ -T2 (2.0, 11 = g OME(E"'"’"‘) b=t -Ty (2 2at) (40

with the travelling times
5
dzs
4 t -
Tzl t) S rz [2at ~Tr(2,2,4)] “n
Ty (2,2a,t) = f e
x (Bi%a ] Pp [#a,+ - Ty (2,22,4)] (42)

Inserting for the heat flux and mass flow from the equations derived before,
differentiating with respect to z and going over to the Laplace domain
leads to a system of two ordinary differential equations whose solutions

are given by ~(CN1/1T)

A -
Tp@) = Tge +

A = Cy e-vW (Tee - T:II‘E) (43)



—8—

Tx (2) Tie Cu [Tra - Tr(®)] (44)
with
Cu Mye L (45)
Mg Cp
2% g oLog Ny 2+
- C
Cn (A M) e (46)
and
-(Cuilz
el®) = -4 = gye (Cuzl2r) (47)
with
_ _ M e & Cw
T = A eee) = BEE M T T gy

Similarly, the relative variation of the fluid temperature at any axial
position is given with respect to 1ts inlet perturbations by

25n—-r:lr(*ts) = YT1T4 (2.9) aﬁilf ) + Yrarp (215) J" re(s) +

(49)
+ YT‘?-M" (2"5) aﬂ‘fm lE(S) + YTJ.M’.(E'S) Jﬁ M‘IE (S)
sw TI (=.9) = Y.M_m (7, 8) ],rTm (s) + Y-Mn (z,s) 3"‘TIE(‘) + (50)

+Yoama GO Lo sy + Yrama 5) daige )

The formulaz for the corresponding transfer functions can be found in

ref. [6] .

Based on these results the equations of other important and the heat ex-
changer characterizing parameters can be now derived at once, e.g., the
relative variation of the mean fluid temperature, the local and total heat
flux, the mean tube wall temperature (which can be of interest in connec-
tion with the temperature induced elongation of the tube length causing
stresses in the structural material), etc.

A similar frequency response model for a U-tube heat exchanger is in
preparation.

3. Digital code TUMHEX

Based on this analytical model by substituting in the equations above for
s = jw (j = J:T) the FORTRAN-IV digital code TUMIEX could be established.
It permits the calculation of the frequency response behaviour of charac-
teristic parameters (such as primary and secondary fluid outlet and fluid
mean temperatures, fluid outlet mass flows, heat fluxes and the mean tube
wall temperature) of a shell- and -tube type counterflow heat exchanger
with respect to primary and secondary inlet temperature and mass flow per-
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turbations. (A detalled program description is given in [7] ).
4, Commarison theory - experiment

The validity of the computer code (and thus the analytical model) could be
proofed against oscillator tests performed with conventional heat exchanger
types. Two runs from recent tests performed by Piltter [4] at the "Techn.
Hochschule Rachen" on a conventional water-cooled industrial-size counter-
flow heat exchanger had been chosen as a basls for comparative calculations
with TUMHEX. Fig. 1 shows, together with some important input data, the
relative frequency response behaviour of both outlet temperatures against
the relative variation of the primary inlet mass flow, Fig. 2 against the
relative varlation of the primary inlet mass flow temperature (Note: Medium
ITI is the primary fluid flowing on the innerside, medium I the secondary
fluid flowing on the outerside of the tubes).

Whereas in the mass flow perturbed case (Fig.1) good agreement could be
stated, it was astonishing that in the temperature perturbed case (Fig.2)
good agreement could be found only on the secondary side, with the primary
side showing considerable discrepancies between theoretical and experimental
behaviour. Piitter [4] found similar results with his model. A very reaso-
nable explanation for these discrepancies seems to come from the fact, that
the primary fluld flows on the innerside of several parallel tubes. Small
differences in the flow path and the pressure differences can cause phase
differences which after being mixed together can interfere and result with
increasing frequency in considerable different behaviour than being calcu-
lated from exactly parallel channels. The secondary fluid (on the outerside
of the tubes) flows practically through one single channel, thus radial dis-
crepancles can be eliminated at once during its way up the tubes and no dif-
ference between theory and experiment is to be expected. For the mass flow
pertubed experiments the different flow pathes to the different tubes does
not play any role and eventual differing pressure differences can be neglec-
ted. This explains the good agreement between theory and experiment for

this case. (The consideration of the heat transfer coefficient as being
dependent from mass flow has a great influence on the theoretical frequency
response behaviour, i.e., setting e&II = 0 ylelded complet different and

wrong frequency response curves).,

5. Digital code FRETI

At present a generally applicable digital code (named FRETI) is in develop-
ment which will permit a retransformation from the frequency into the time
domain in a numerical way. This auxiliary program should thus enable to
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determine from given frequency response curves (e.g., calculated by means of

TUMHEX) the transient time response behaviour of important heat exchanger

parameters against both step and/or any system perturbing signals.
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Fig.1: Prequency response behavior of an industrial-size counterflow
heat exchanger. Primary inlet mass flow variation.
(Comparison theory-experiment)
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Fio.2: Frequency response behavior of an industrjal-size counterflow
heat exchanger. Primary inlet coolant temperature variation.

(Comparison theory-experiment)





