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The dynamic responses of the temp:cratures of the outlet water and the wall for a vertical tube heat

exchangzr, were studied as a function of the sinusoidal change in the inlet water temperature.

Th: experimental respansz data for th: outlet water temparature were compared with the caleulated

datv from the derived equation. Th: comparison was shown to be in good agrecement between the

expariment and tha theory in the present range of the experiment.

Thez inlet water-to-wall temperrature transfer function wuas derived, and the theoretical frequency response

characteristics were compared with the experimental data. The experimental data were lower than those

aredicted from the theory.

Introduction

H:ut exchangers are widely used in process industrics
and any other engineering fields, and the mechanism
of hoat transfer in the exchangers has been investigated
to obtain better design and perforimance. Traditionally,
the hoat exchanger has been designed on the steady
state basis without much consideration of the dynamic
behavior, however, with the increase of the automatic
control of the process, special interests have been laid
on the dvnamic behavior of the heat exchanger which
is so vitally important in determining performance
under autonazic eontrol. The dynamic charcteristics of
th: procsss components and overall plant may be indic-

ated by frequency responss data or by transient response

data. Among these two methods, the frequency response

m:thod of ann

is is th2 most commonly used method
for stulving the dynamic behavier of the process com-
ponents an’l the overall dynamic brhavior of several

preces of equipnent e readily be

synth-sized  if the

freqaency response characteristics are availible.
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The first step required to study the dvnamic charac-
teristics of the heat exchanger is a theoretical analysis
of th: process in question from the standpoint of
unsteady state behavior, Generally, a complete deseri-
ption of the performance of heat exchanger contain the
equations for conservation of mass, energy, momentum,
and equations of state and eguations for the rate
processes oceuring between phases. Sinee the pivameters
in the equations are functions of time and space, the
equations in most cases become nonlincar.  Unless the

sets of equations can be uncoupled  and  enduced
quasilinear or lincar, little hopes exists for a quantitatvie
evaluation of the dynamic  characteristics  of  heat
exchanger.

In the lirerature, many investigators could be found
who studied the dynamic characteristics of various heat

exchanger by linearizing equations by using simplifying

assumptions{1, 2, 3, 4, 5, 6, 7, 8 9, 10;. Cohen and
Johmson 717 have studied the dynamies of a double-pipe
heat exchanger in which steam condensed in the outer
annulus and  water flowing through the inner pipe.
They have found the transfer function for the responsce
of the inner fluid to changes in both its temperature
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and the steam temperature. Their emphasis has been
in the evaluation of the frequency response and have
disclosed a significant characteristic resonance in the
amplitude ratio of the temperature of one of the fluids
at a certain frequency. Lees and Hougen(5) in a study
of pulse testing a model heat exchanger have demons-
trated the applicability of pulse testing methods to the
investigation of the dynamics of heat exchangers.

The purpose of the present investigation was to study
the dynamic response for a vertical tube heat transfer
process by establishing the theoretical transfer functions
where the coolant flows upward through a round stainless
steel tube and the heat was generated in the tube wall.
The -test section was a round stainless steel tube, 8.7
mm inside diameter x 0.4 mm wall and the heated
height was 195. 5cm. The heating power was put into
the tube wall by passing an constant A.C. current and
the water was forced to flow upward through the test
ssection steadily. The temperature of the water ente-
ring the test section was and the inlet-water-to-wall-
temperature transfer function were obtained, and the
frequency response characteristics were compared whith
the experimental results. The present experiments were
carried out in the range of the insignificant theoretical
changes of the amplitude ratio and phase angle, and the
experimental results for the response of the outlet water
temperature were in fairly good agreement with the
theoretical results, and for the response of the wall
temperature, the experimental results were lower than

those predicted from theory.
Theory

(A) Basic Differential Equations

The physical system analyzed is shown in Fig. 1.
This consists of a circular tube through which a coolant
flows steadily upward and in the solid walls of which
energy is generated. In the steady state, all of this
energy appears as a flow of heat at the interface
between coolant and the solid causing the coolant to
increase in enthalpy (and temperature) as it flows
through the tube. During the transient, however, both
the tube wall and the coolant experience local temper-
ature excursions. In analyzing the system the following
assumptions are imposed.

(a). The liquid water temperature and the velocity

are constant across the flow cross,
(b). The tube wall temperature dose not depend on

(10)

radius.

(¢). Axial heat conduction in the tube wall is
negligible.

(d). The heat transfer coefficient is constant with
length and time.

(e). The liquid water is incompressible and all the
fluid properties are constant.

(f). Heat generation within the tube wall is constant
with length but is time dependent.

(g). The temperature of the inlet-water is time
dependent,

(h). The flow channel has constant area.

(i). The outside surface of the tube is adiabatic.

(i). The mechanical energy(kinetic and potential)
of the fluid is negligible compared with the thermal
energy.

With these assumptions the application of the first
law of thermodynamics and the law of conservation of
mass for an incompressible fluid to the system in Fig.
1(b) produces the following two differential equations,
one for the fluid, the other for the tube wall.

Fluid

iT, _ 2T

® 2= BTy aaz +- 1T, ~T)
Wall

@ e —ow-1(1,-T)
where

@) r=-5 (min)

- 2 e

@ 7,=Z0l 00 (i

] Y 20 N °F

® QW= e =0u a0 ()

in which Q,, is the function of the initial uniform
heat generation rate and ¢(£) is the function of the
time-variant heat generation rate, having a zero value
at zero time. The other symbols are defined in the
Nomenclature,

The heat exchanger is considered to be in steady
state operation at ¢=0, then both functions Ty (z,f) and
T..,(xt) of equations (1) and (2) are split into two
components, one being a steady state part T, {x,0) and
T ,s{x,0) the other of the transient contribution 7'(x,7)
and T, (x,t). For purpose of transient analysis, it is
necessary only to carry out detailed mathematical analysis
of the latter functions. Hence the governing differential
equations become

Fluid
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Ii -he variation in temperatures for both the fluid and

wall from the steady state is zero ar ¢=0. the inirial
conditions beeomes
« T ., 0=

oy T,.a,0:=0

(B> The Inlet-to-outlet Water TemPerature
Transfer Function When the Axial Heat Conduc
tionin Fluid Is Negligible.
is assuwmed

« conduction in the fluid

If the axial h

neglivible, {5) becomes

ao: =l LT, T,
] (},E T

Equation 7Y end (10) are operated on by the Laplace

Transform technigque, using the initial conditions (&

the follwing transformed eqguation.

¥ J g{s3

and (9 o give
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where the barr] symbols indicate Laplace transforms

and a denote she Laplace transform of the time according

to usual praciion
Equation (11} represents the total response of <he

outlvt=water temperature at position X to the multiple

. . . R
disturbances of heat  generation and  the inlet-water

inlet-water temperature is  held

temperature, I the

11D reduces to

_ Sals) [ ‘1]
T Sl K T

determines  the

constant, cgaation

(1D Gilsi=

This is the trmsier function which
relationship berween the temperature of the fluid any-
where in the tube 0<<a<{L and the heat generation,
Similarly, if the heat generation is constant with
time, that is ¢773 =0, and the inlet-water temperature

s allowed to vary, equation (11) becomes

Gois' — Tz, s) 116

2l —=—= < = u

T(o, s

This is the wansfer fuaction between the outlet-water

temperature and  the  inlet=water  temperature. The

x=1L

transfer functiom Go(s) also has the form at

CEECREE

(16) (;2(«\‘):6:\'1){71@‘\ilﬁr

where ¢4 s the “dead Gime™ L/ veluicd 1o the flow in

tae tube over the length L. The frequency response s
obtained simply by replacing s in the wmsicr function
by jw, where w is the angular frequency in radians
per minute and j= 4/—1.

of the

amplitude ratio and the phase angle of the

The amplitulde and  phase
i

resulting  complex number corresponds to the
frequency
LeSPONSEe.

The complex number corresponding o the transfer

function Go(s) becomes

a7 Gyljwy=eMcosB—jsinb3.

where

Vo (M Tier
as 4 1+, 2

20,1~

t JTw
190 B= ! e
| 1+wt,

Thercfore, the amplitude ratio and the phase angle
Lecome simply . '
(20> Amplitude ratio =exp(al]

(21) TPhase lag angle =—B

(C) The Inlet Water-to-wall Temperature Tra-
nsfer Function When the Heat Gerertion Is Co-
nstant With Time

As in (B)

med negligible. If the heat generation is

the heat conduction in the fluid is assu-
constant with
time, equation (7) becomes
oT,. 1 . -
(22) 'at —-4'%’1 \Yzlgrl/
Laplace transform of the cquation {227 with respect to

time is given by

@) T 0=—1 1T (s T 9]
T,
Rearranging
T(;rt,.s') 57, =1

This is the transfer function between the wall temper-

ature and the fluid temperature in the tube. The

rransfer function between the inlet-water temperature

and the wall temperature at @ is obtained as follows

T (x5 7]:(1 ;]'”, (a2, %)

(95) Gyisy= Lults | Tizs _ 1,
) . T(x, s Tlo,s T{o,s)
:_—l_ - LULL
$ST,.—1 ¢ ®

Substituting jw into s in equation (23, the amplitude

ratio and the phase angle are expressed as follow:

ratio==-

(26)  Amplitude




=tan-1f_ _@T,co0sB—sinB
(27) Phase lag angle=tan ( McosB—f—wrwsinB)
where t.=2/u.

Experimental

The experimental apparatus used to check the theory

is shown schematically in Fig. 2. It consists mainly
of a supply thank,
section,

circulating pump, preheater, test

holdup tank, an ion-exchanger system and the
measuruments,

The test section was a round stainless steel tube,

0.8mm inside diameter x 0.4mm wall and the heated

height of 195.5cm. The test section was heated
uniformly along its axis by passing as A.C. current
through it, and was isolated from the piping by the

Lucite flanges at both ends of it to prevent the passage
of current through the piping of the system. (see Fig. 3)
The outside surface of the test section was insulated
with glass wool to prevent the possible heat loss to
the surrounding. The preheater used was a Chromalox
type  (AR- 2519. 240v, 9Kw, 1PH). The on-off
control of the preheater varies the temperature of the

water flowing through it sinusoidally. The frequencies
generated in the experiment were: (.35, Q. 66, 1.0, 1.2,
1.5, 2.0, and 3.0 cycles per minute. The liquid water
used was distilled water and was continuously purified
by forcing it through the vertical ion-exchanger during
experiment. The flow rate of water was measured by
means of a calibrated sharp-edged orifice and controlled

by adjusting the valve opening. The selected flow rate

for the experiment were: 6.77, 9. 13, 14.42, and 18
Ib/min. The temperature of the water and the tube
wall were measured by using calibrated iron-constantan
thermocouples (20 gage). The inlet-and outlet-water
temperatures were measured by bare thermocouples in
the stream and the wall temperatures were measured at
5 different points along the axis by using thermocouples
silver-soldered directly to the outside of the test tection,
The Fischer Recordall was used to take the readings

of these temperatures,

- (v).

fylx, 20

T(x,t)
Fig. 1. Simulated coolant channel.
The heating power to the test section was measured

The

average heating power in the experiment was 3. 94Kw

by reading the test section voltage and current.

and the heat flux based on the inner surface of the
tube was 2.34x10* Btu/(sq. ft) /(hr).

In starting a run the water in the tank at the room
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Fig. 2. Schematic diagram of the experimental apparatus.
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Fiz. 3. Drawing of the test section.

temperature was forced to circulate the svstem at the
desired rate and then the power was put into the test
section, adjusting the current and voltage at the desired
values by the transformer. The constant hoating power
was maintained by the auto-trnsformer,

After the temperature of the water at the exit of the
test section reached a constant value, the preheater was
operated by putting on and off the current regularly on
the sclected time intervals.  After the sine waves of
the water temperature were formed at the entrance of
the test scetion, the outlot-water temperature and the
wall temperature were started to be measured. Experi-
mental data were taken after the steady sine waves of

the autlet water and the wall temperature were formed.

Experimental Results
and Discussion

The frequency response characteristics of the bulk

water temperature plotted on Dode diagram are shown

4 and Fig 5. The solid lines represent the

20)

in Mg,

theoretical curves calculated from vquations and

(21) and the circles represent the experimentad  data
The theoretically calculated amplitude ratio approaches
a limiting value greater than zero for increasing freq-
uency, while the lag angle incrcases infinitely swith
increasing frequency. The physical properties of water
were assumed constant and were taken at the average
temperature of the inlet and outlet water temperature,
and the heat transfer coefticient h; were calculated by
the use of the equation correlated by Colburn (143
hi=0. 023 (Re)98 (&) (Pr) © 3/D. The theoretical amp-
litude ratios are nearly cqual to 1 over the frequency
range 0—20 rad/min. and thereafter decreases gradually.
The

range, 0—35 cyles/min, full fairly well on the theorotical

experimental data tuken within the frequency

curves.  The fact that the amplitude ratio decreases

very slowly at low frequency can be explainad Ly the

ol

time constants used. In the experiment, the dead e

constant, fy were all in the order of 1072 min, which
means the water entered the test section flows out o
fast that the variation in the water temperature connot

be developed in the tube at low frequencies sl tht

the axial mixing and the heat conduction in the wuter

comnot oceur significanlv. The wall Ume constants, .,

wore in the order of 1073 min, which means that the

erergy  retained by the tube wall is newlieible in

W

cemparison to that transferred to the  coolant

The frequency response of the wall temperature was

investigated at the point of 7 where o= Lil Scm for

1

the flow rate of water 6.77 Ih/min. InFig. 6 and 7,

the frequency response characteristics of the wall wem-

perature are shown. The dotted lines in the Ficu-

res represent  the response of  the bulk water wm-

perature caleulated  from  equation (20) and (21} at

1h/min.

B wall

z:=141. 5¢m for the flow rate of water 6.77
As shown in Figure, the experimental data £t
temperature lie below  the theoretical curves both in

the amplitude ratio and the phase angle.  Part of this
diserepancy is probably duc to the fact that Uie cxpri-

mental data include the response of the  thermocouple

ind  the dynamic behavior of the outer insulzting
material, while the theorctical curves inlizate the

s oS the

response of the heat exchanger clone exclusive
cuter insulating material,

The present investigation was carried out in the
wle mdio

20)

range of the insignificant change of the amyd

and the phase angle, however, Trom equations
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Phase lag Asgle, degres

Fig 7. wall
210, i o, the significant changes of the
S the phase angle would be expeeted
i the thme consims, 2y, 7, and 1, became  larger,

the time constants  larger, it is
the thicker tube wally Tower velociy

bescen drom the cquations {0 an

0 of the denmivons of the time constants,

Summary

Duvnamic choooristics of a o vertical  tube heat

sigor having constant uniform heat generation in

the wall was ine

ated by the frequency  response

muthod,

exXperine ratio and lag angle for the inlet-

letowater temperature are nearly 1 and 0 respect-

vl in the Low range of frequency  (0—3 cveles/
min. ), which ane identical to those values from  the
dheory,

The inlet=wy

er-to—the wall-temperature  transfor
funcuon was obtained by combining the water-to-the

wall temperater gansfer funetion and inlet-to-out-water

Lemperature

function. The  experimental freq-

WOy TesPonA. obtained  were lower  in the

awplivade rvio cad in the phase angle than those

sanis of the wall and the water and

tee ol i constant o the heat exchnager were
shown fo huve o simificant vole in the frequency

respense of the hewt exchanger, and in order (0 observe

th incant changes of the amplitude
ratio anc the phuse angle of ie temperatures of the

water and the oceur,  the thicker tube wall, the

boswer velocity of water are reguired.

R DR

Nomenclature
A=defined by cquation (187, dimensionless
B=defined by cquation {203, dimensionless
c=specific heat of water, Btu/(Ib) °F
c,.=specific heat of wall, Bru/{b) T
12)

J17s) =defined by equation
Jo(s) =defined by equation {13)
hy=hcat transfer cocflicient between wall and fluid,

Btu/ (12 hr) °F;

G (5) =transfer function beoween the tomperature of
water and heat generziion, defined by cquation
14

Go(sy =wansfer function between the inlet-and outle: -

water temperature, defined by equation (15}
G () =wransfer function between the inlet-water-and
the wall-temperature, by cquation (23)

nloss

iG] ==amplitude ratio, dimen
£ G=phase lag angle, degree
k=conductivity of the water, Bu/ 50 ) °F)

L=lengh of the heated whe, {U

¢ (> =heat generation in the tube wall, Buu/ (min

o~

fi of tube wall)

Q& =defined by equation °F/min
ro=outer radius of the whe, ft
ri=inner radius of the wbe, i
s=Laplace transform of time

{=(ime, min

ty=dead time, L/u, min

T, (x, ) =water temperature in tube, °F
T,,(x, £ =wall temperature, °F

T, (x, 0) =water temperature in whe at steady stite,

T s, 05 = wall temperatere at steady state, °F

(x, 17 =variationin waier temperature {rom steady
state, “F

T, (x,t) =variation in wall temperature {rom steady
state, “F

w=velocity of water, ft/min

wial distance of the tube, it
p=density of water, Ib/ {3
pp=density of wall, b, 18

t=timv constant, defined by equation

3y, min

T

e=time constant, defined by equation (33, min

Tp=time constant, defined by cquation min

),
w=angular frequency of sinusoidal oscillation, rad,

min
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