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In order to establish the Colburn factor vs Reynolds number correlation
Jfrom single blow experimental data of a particular plate-fin surface, the
Differential Fluid Enthalpy Method (DFEM) has been applied. This
method overcomes the deficiencies of previously known methods and
simply deals with the realistic exponential inlet temperature signal. In
this paper the method is modified to enable simultaneous determination
of the test matrix specific heat as well. The correlation obtained is based
on one hundred experimental runs covering the range 385 < Re < 1930.
The compact surface sample has been cut out by electro-erosion from
a completely manufactured (brased aluminum) crossflow heat ex-
changer core. For completeness, the corresponding Fanning factor
results are included in the paper.

Introduction

This paper presents a continuation of presenting our experience in developing
a new experimental facility for testing compact heat exchanger surfaces at the University
of Novi Sad. The description of the apparatus and its performance identification method
are given in Bacli¢et al, [1]. The present paper serves two main purposes: (1) to determine
the laminar heat transfer and flow friction characteristics of a particular plate-louver fin
surface, and (2) to describe the data reduction procedure that enables the simultaneous
determination of the fluid-to-surface number of heat transfer units and the test matrix
specific heat.

In has been discussed in [1] that the design of the apparatus, the operating
conditions and the test matrix sampling method were selected to satisfy some specific
requirements and the reader should refer to the introductory remarks given there. The
theory presented here is discussed relative to its application to the test facility, to the test
core sample and to the data reduction procedure. The method used to reduce the data,
the Differential Fluid Enthalpy Method (DFEM) [2], is modified to enable the determi-
nation of the test core specific heat.

93



THERMAL SCIENCE: Vol. 1 (1997), No. 1, pp. 93-108

First the test core description is given and then the DFEM is discussed. This is
followed by the explanation of the data reduction procedure and finally the test surface
characteristics are presented as obtained from one hundred experimental runs.

The test core

The compact surface sample has been cut by electroerosion from a completely”
manufactured (brazed aluminum) crossflow heat exchanger core as presented in Fig. 1.
This particular heat exchanger is used in a standard aircraft cabin pressurizing and air
conditioning system. The cylindrical core sample is 105 mm in diameter having a length
of L = 93.5 mm which is the actual core length in the air flow direction on the side being
tested. The matrix has been cut to fit the inside diameter of the apparatus test section
and is to be inserted there at the location indicated in Fig. 2 of [1].

The core side tested is a plate-step louver fin
surface with the following geometrical parameters:
fin pitch = 578.4 per m, plate spacing = 7.2 mm,
louver spacing = 9.5 mm, louver gap = 1.2 mm, flow
passage hydraulic diameter diameter = 2.563 mm,
fin metal thickness = 0.15 mm, total heat transfer
area/volume between plates = 1421 m™1, fin area/total
area = (.8141, free flow area/frontal area = 0.5916.
Prior to the cutting, the core was inspected for
manufacturing malformations. The visual inspec-
tion of the completely manufactured core indicated
the existence of nonuniform passages originating
from several reasons like distortions of various
types and fin-spacing type nonuniformities. Some-
what shorter fin specings, due to squeezing the fin

Figure 1. A view of the test sample surface in serial assembling procedure, have been
being cut out of the heat exchanger ~ noticed edgewise the frontal area. However, the
core and the fin surface sample individual passage areas on the average do not
deviate significantly from the nominal passage area.
The surface geometrical characteristics of the side
being tested, as given above, have been obtained as average quantities for a particular
core selected randomly from the production line. When compared with idealized geo-
metrical characteristics, that have been intended by the tool and die design, some
deviations were obvious. For example, a well shaped design is intended to provide a louver
gap of 0.9 mm and a fin pitch of 571.4 per m. Theway of test core sampling as described
is believed to eliminate any major influence that manufacturing tolcrances could have in
positioning the j-Re characteristics.
The usage of such a test core sample as a thermal energy storage matrix raised
some additional problems. Namely, the other (no flow) side of the core, consisting of
rectangular plan fin-plate surface, when mounted in the apparatus test section, has
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trapped a certain amount of ambient air among the straight continuous fins. The matrix
was surrounded by sealing tape to prevent transverse conduction to the test section wall
as to prevent the by-pass leakage. The spealing tape was acting also as a protector of the
soft, easily eformable, thin fin surfaces (left after electro-erosion cutting) during the
handling and insertion of the test core into the apparatus test section. Transient heating
of the test matrix, which is thus, a kind of a corrugated sandwich structure with cellular
layers filled by air, produces complicated interactions. High thermal conductivity of
aluminum tends to create a uniform solid temperature distribution so that the air being
trapped is quickly exposed to the onset of free convection in the cells. A lumped thermal
capacity of such a test matrix can not be reliably predicted so it is left to be determined
from the same experimental data utilized for the determination of the basic heat transfer
characteristics. Thisfact makes the present data reduction procedure quite novel.

A need for experimental determination of the test matrix effective specific heat
can be also supported by the conclusions that have been derived in the solid density
determination. The solid density pp = 2447 kg/m® obtained from the core mass my = 0.4134 kg
and the core solid material volume (measured on the Archimedes' principle as the weight of
the water displaced by the test sample) indicates that the presence of the brazing material
has a significant influence in lowering the value of the basic core material (99.5% Al)
density. Significant influence can thus be expected on the value of the specific heat. Just
to note that the same measurements showed that the test sample porosity (including voids
on both sides) can be estimated as 0.7914. The mass of air being trapped in the matrix
cells on the no-flow side is negligible, but its specific heat being higher than that of
aluminum will contribute to the effective test matrix thermal capacity. Therefore, to avoid
a speculative prediction of the test matrix effective specific heat, that has to be based on
the study of aluminum-brazing material-cells interactions, an experimental identification
of such a ”property” was realized.

The trial reproductibility runs were conducted both with large intervals between
individual runs and by repeating runs one immediately following the other. What
appeared was an additional consequence of air being present in the matrix cells. Namely,
it affected the fulfillment of the matrix initial temperature condition, and this has proved
to have the most influence on the ¢, values obtained from the data reduction procedure.
At the same time there was no significant influence on the NTU values obtained in different
runs using the same flow rate. This proved that the effective specific heat of the test core
should be regarded as a process parameter rather than a material property, and that its
simultaneous determination with the heat transfer characteristics should be regarded as
an elimination procedure of an unsusceptible to reliable prediction parameter.

Differential fluid enthalpy method

DFEM is a new variant of the single-blow (steady flow is established before the
change in temperature-time trace not just of the exit fluid from the test core, but of the
inlet fluid as well. Previous experimentalistis often connected the thermopiles located
upstream of the electric heather and downstream from the test matrix to provide a reading
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of temperature difference across the test section. However, none of them came to
the simple idea to the result obtained by the fluid capacity rate in order to obtain
the differential fluid enthalpy change up to a particular instant. Such an experimen-
tally measured quantity can be easily related to the parameters of the model to
provide means for basic heat transfer characteristics determination over the entire
range of the number of heat transfer units and for arbitrary inlet fluid temperature
variations.

Consider the dimensionless fluid temperature versus dimensionless time
graphs presented in Fig. 2. Steady fluid temperature Ty, upstream of the heater
corresponds to zero dimensionless temperature (8 = 0), while zero dimensionless time
(n = 0) corresponds to the zero matrix local time (tj, = 0). Letx be the spatial coordinate
measured along the matrix in the flow direction so that 0< & = x/L <1 is its dimensionless
range corresponding to the matrix inlet and outlet. Then 6(0, n) and 6(1, n) in Fig. 2
are dimensionless fluid temperature histories at the matrix inlet and outlet, respectively.

In Fig. 2(a) the vertical distance between two curves is the temporal (at any
particular instant n*) difference between the inlet and outlet fluid temperatures. This
difference can be measured directly in any experiment and the area between the curves
up to any particular point in time can be evaluated as the integral being shown pictorially
in Fig. 2(d). This integral is the total dimensionless fluid enthalpy change between the
test core inlet and outlet up to any particular instant ) *. Similarly, the total dimensionless
fluid enthalpy change in the apparatus test section upstream of the matrix is the are a
presented in Fig. 2(b). The area that is shown in Fig. 2(c) is the fraction of the total fluid
enthalpy change that has not been absorbed by the test matrix.

The simple idea of the DFEM is that these integrals are to be evaluated from
the experimental data and then related to the parameters involved in the mathematical
representation of the model describing the transient heating of the test matrix. This can
be done in principle for any mathematical model consistent with the underlying basic
assumptions.

o ’I[,,(Ol,f)d,,(],,]-)]d,, Figure 2. Differential fluid
0 enthalpy representation
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The most frequently used mathematical model of transient heat transfer be-
tween a fluid flowing through a test core is the, now classical, Anzelius-Schumann model:

+ 00 06
G g+ 5 +NTU(0 -05) =0 )
242,35 g @
"% o

with both fluid and solid matrix temperatures initially uniform:

6(,0)=0(5,0)=0 (3)

Contrary to the idealized step change in the inlet fluid temperature, one should
modify the model by considering a realistic exponential inlet fluid temperature change:

=0

8(0.n)=1-¢ ™ 4

It has been shown by Bacli¢ et al. [2] that the integral presented in Fig. 2(d) is
related to the parameters involved in the mathematical representation, Egs. (1) to (4),
as:

%
ni J180m=-0(tmkn+ 22017 -0 ") =
0

V,(NTU,n* NTU)

kR (2}

for n">C, »0. The resident fluid to solid matrix thermal capacity

= (m 7€p)/ (mgcg) ratio can be usually neglected due to the fact that the air mass -
occupymg the flow passage volume of the matrix is very small. (In the present experiments:
C,, = 0.0014) . Explicit relation for V; function appearing in Eq. (5) is given in the Appendix
in terms of modified Bessel functions. The right hand side of Eq. (5) is functionally
identical to the expression defining the single pass crossflow (both fluids unmixed) heat
exchanger effectiveness in terms of the overall number of heat transfer units and
capacity rate ratio as given in Bacli¢ and Heggs [3] by equation (68) or any of the
equations (74) through (80), or Eq. (82), or Eq. (83). The numerical values of the RHS
of the above equation (5) are tabulated in Table 2 of Bacli¢ and Heggs [3] for NTU <
10 and n* < 1.

In a previous paper Bacli¢ et al., [2] a recommendation for choosing n* = 1 has
been given for the data reduction procedure, together with the corresponding chart
relating the differential fluid enthalpy change to the number of heat transfer units in
the range 1072 < NTU < 10° which covers more than all practical values. The choice
of n* = 1 not only simplifies the data reduction procedure, but physically corresponds
to the time at which the thermal capacitance of the mass of gas that has entered the test
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section is equal to the heat capacitance of the solid matrix. However, in principle there
are no restrictions on choosing arbitrary n* > 1 value for the data reduction procedure.
As presented by Bacli¢ et al. (1986b). DFEM was intended just for experimental deter-
mination of N7U. In the next section a data reduction procedure that utilizes two distinct
n* values for the evaluation of the experimental values of both NTU and c is described.

Here it should be emphasized that, when applied to the inlet temperature signal,
Eq. (4), (see also Fig. 2(b)), the same principle of the DFEM yields.

1%
= Jo(o,hyan +2—‘:9(0,n*) =1 (6)
0

This time invariant relation was a key result in the apparatus test section parameters
identification (refer to Eq. (16) in [1].
Now subtract Eq. (5) from the Eq. (6) to obtain:

V,(NTU,n*NTU)
N*NTU

1 " Mo *
o Jomydn+ 2ot )= (7)
0

which is a DFEM result for the outlet temperature signal. Note that since the common
divider n* drops out from this equation, the leading term becomes the area presented in
Fig. 2(c). This result means that the data reduction producer can be based just on the
fluid temperature difference measured across the whole test section (without measuring
the fluid temperature history at the matrix entrance), if and only if the apparatus
performatrix entrance), if and only if the apparatus performance can be reliably pre-
dicted. This becomes more obvious if one rewrites Eq. (7) in the dimensional form:

me, n S e
e 7 T ) ~Toin M5 o[ T (L )T 1=
S8 0
16 0 3y
msCs

Suppose that an experimentalist wishes to determine N7U from this equation.
In essence he must evaluate its complete LHS on the basis of measurements
(T, Tyin»L,7,, ,m,mg) and predictions (c p,cs,ro,AT*). The temporal fluid tempera-
ture difference appearing in Eq. (8) is measured continuously after the heater has been
turned on. The integral in Eq. (8) can be obtained by numerical integration using, say,
the trapesoidal rule for equally spaced time intervals. The other term on the LHS of Eq.
(8) is obtainable by multiplying the temperature difference at t;, by the value of .
However, the time constant 7o of the inlet temperature signal is dependent upon the flow
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rate, the heat capacity of the heater and other apparatus test section peculiarities. It is
thus a performance characteristic of the apparatus and should be known over the flow
rate range of interest. The flow rate through the test section is measured and the fluid
properties areevaluated on-line, so that the apparatus Reynolds number is known.
Having a 1 — Re, relation as it was established in [1], one can predict reliably 1, without
measuring the inlet fluid temperature variation. Similar situation is with the normalizing
temperature difference AT* of the test core hat transfer model, which is nof the maximum
temperature difference AT}, of the experiment. Namely, due to the finite fluid-to-wall
heat transfer, among these two quantities the following relation holds:

' NTU, Ly,
AT = AT, e L )

since AT, generated at the heater location is attenuated as shown in [1]. Both NTU,
and AT, can be reliably predicted for any particular Re, value if the apparatus
performance characteristics are established prior to the core testing as described in [1].
Thus, in addition to the fluid temperature-time trace measurements at the test core exit,
the mass flow rate (1) measurements and the fluid properties evaluation play a major
role in the application of the DFEM.

Next section describes the utilization of the Eq. (8) for data reduction procedure
when both NTU and cg are unknown.

Data reduction procedure

- A detailed description of the experimental apparatus and the communication
procedure for the calculator controlled data acquisition used in testing the compact heat
exchanger surface is presented in [1]. The only difference is the software for the data reduction
which has been developed to follow the procedure to be explained shortly.

Instead of using strip chart recorder for continuous recording the temperature-
time trace, discrete readings of TPO, TP1 and TP2 (refer to Fig. 2 of [1] thermopile
temperatures (Y7, ,, Y2, , and Y, , respectively) have been programmed with short time
steps between particular readings. At the early stage of the work, the time steps ranging
from 0.075 to 0.2 s have been tried and the temperature-time curves have been compared
for smoothness with those obtained from the plotter of a continuous recorded that was
connected in-parallel to separate channels. The typical discretely recorded temperature
histories are presented in Fig. 3. It can be seen that the discrete points determining each
curve are sufficiently dense to provide an accurate numerical processing. We are not
going to describe the complete story of the corroboration work that would be a chronology
of many trial runs leading us to the final decision that the time steps of 0.1 s are sufficiently
small for a reliable data reduction procedure. In few words, we arrived at the conclusion
that 3 x 40 temperature readings in the first 12 seconds after the heater has been switched
on, as it was in testing the empty test section [1], are quite adequate. The readings of just
TPO and TP2 temperatures Yoy, , and Y5 ,, respectively, are used for data reduction,
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while the temperatures Y; , of the temperature sensor TP1, located upstream from the
matrix, were recorded just for verification that the test section par: between the heater
and the matrix behaves like an empty test section.

As discussed in [1] , the early stage of transient response was selected for data
reduction procedure in order to validate the classical assumptions of heat transfer mechanism
and to satisfy the model conditions. Here we have in mind primarily the neglection of the
axial conduction effects. It has been shown by Cai et al. [4] that the longitudinal conduction
effect must be included in the analysis for both NTU <3 and A NTU > 0.06. Our experimental
values of the number of transfer units were in the range 1.48 <NTU < 3.87 (the highest value
corresponds to the lowest Reynolds number). Longitudinal conduction parameter for our
tests has been estimated using the effective thermal conductivity of the cellular sandwich
structure of the test core. It has been found that 0.038 < A <0.159, so that 0.056 < A NTU <
<0.615 in our experiments. To ensure that these conduction effects can be neglected we have
selected just the outlet fluid temperatures being recorded up to the 6th second of the
experiment for matching the temperature-time trace according to DFEM. Two dinstinct
instants: one corresponding to the 10th and the other to the 20th reading of the TP2
temperatures (see Fig. 3) have been selected for data reduction procedure. Two points in
time are needed for the evaluation of two experlmental values: NTU and cs. For that purpose,
the Eq. (8) should be collocated at the local time (t,,) values corresponding to the values
of the real times 759 and 7, of the 10th and the 20th reading, respectively.
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Figure 3. Temperature histories as recorded at 60% of maximal fan speed with time steps
At = 0.075 s in 80 scanning cycles
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To derive the working formula denote the instantaneous fluid outlet tempera-
ture T(L, Tp) by Ty(7). Instantaneous fluid temperature rise 7,,,,— T, at the test matrix
outlet is not isochronous with its corresponding temperature rise 7y — Ty, at the TP2
location. Since thermopile TP2 is placed Ly = Ly~ L,,;, = 115 mm apart from the matrix
exit, there is a delay equal to the fluid transit time Lo/w. By the time it reaches the TP2
location, temperature rise 7, — Tryn 1S also attenuated by the factor exp(-NTU, L/ L;)
due to the finite fluid-towall number of transfer units NTU,. Thus, at any time instant t
the following relation:

S NTUGLO —
(Tout = Tin )[1 =e (TZ = Tmin) T+Ly/W (10)

should be used to predict 7,,, — T, on the basis of T, — Tp,. In the present
experiments this meant that, at the highest Reynolds number. T,,;, — T, Was 2.54%
larger than T, — Ty, after 0.016 s. At the lowest Re, the corresponding values have
been 5.45% and 0.069 s, respectively. However, actual measurements of instantane-
ous TP2 temperatures Y, instead of instantaneous fluid temperatures T, as well as
the data processing of Y, — Ty, instead of 7 — Ty, involved further corrections for
the temperature sensor time constant ty, according to the model presented in [1].
Details of this procedure are not given here since our experience proved that a
simpleishochronous (at any t) heat balance equation of the form:

N —
ch(TQut _Y2) =Di7tLOaa(T0u+2+)iz—_Tmin) (11)

can compensate all of the abovementioned effects.

Equation (11) states that the rate of the fluid enthalpy change (corresponding
to the cooling from 7, to Y>) is equal to the fluid-to-wall convective heat transfer rate.
here, it is assumed that the fluidflowin along the test section part, from the matrix outlet
to the TP2 location, is at the mean temperature (7,,, + Y3)/2, and that the wall is still at
the initial temperature Ty,, as follows from the equation (10) of [1]. By using the
definition of the fluid-to-wall number of transfer units, equation (11) can be rewritten in
the form:

= 1+b -
Tour = Toin = 7= (Y2 = Tin) (12)
where
PR (13)
el od}

This result can be used locally in time for accurate prediction of actual T, values of the
basis of Y, measurements, Ty, as calculated from Yy, , measurements (see Eq. 23 of
[1]), and NTU as calculated from Eq. (40) of the same reference with Re, corresponding
to the flow rate measurement of the particular experimental run.
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In accordance with the discussion given above, the data reduction procedure is
based on the solution procedure of the following two equations:

KBt . :
G, = X860 vy —VZLNTU,&NTUJ eohl, . 0,20 (14)
Cs Cs
where n'wl,
K=2 (15)
mg
and
(1+b)(1-b) %
Bar)= AY,(y)dy +1 AY, (7 ; 16
(Tl) ATmax eXp(—NTUaLml /Lz) (J; 2(y) y To 2(11) ( )
with

A, =Y, T (17)

The Newton-Raphson method is used for solving the two equations (14). The
iterations are always started with initial guesses NTU = 2 and cg = 900 J/kg K), and halted
when both [NTU™ - NTU°®| <107 and |c}®" - cg|<1072. The partial derivatives of
the G,(NTU, c;) functions,needed for the Newton-Raphson method are:

96 _K gyl 1=K nro K nru |-v [ vru B vt | 18)
ONTU ¢y Cg Cg ; Cg
and
Al —ISZ-NTU{V, (NTU,&NTU) -B( ,.)} (19)
8(:5 Cg Cs

Explicit relations for V7 and V; o functions appearing in these equations are given in the
Appendix.

Appropriate software, being a part of the general communication and compu-
tation program for a single run, makes the total duration of the experiment some what
longer than it was with the empty apparatus [1]. Typically 3 minutes were needed for the
complete run with data reduction procedure and printing the final results: Re,, ATy,
10, NTU,, Re, Pr, NTU, St, j, f and j/f . The humid air properties are evaluated on-line at
Tin + AT max/ 2 as the reference temperature.

A remark has to be made regarding the determination of the flow friction
characteristics. The friction factor f is determined from the fluid static pressure drop
across the core without correction for entrance/exit and flow acceleration/deceleration
losses:
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It is, thus, an apparent friction factor corresponding to the total static pressure
drop and incorporating the flow losses at the ends of the test matrix. This is done to
simplify the pressure drop prediction for the series of cores that the manufacturer
produces with the same core length (L = 93.5 mm) in the air flow direction.

The technique being described is simple and quick to carry out. When all
geometrical characteristics and the mass of the test core are known, and the apparatus
(including software adaptation) is prepared, some 50 experimental runs with different
flow rates can be performed per day. Next section presents the results of one hundred
experimental runs with the test core being described above.

Test results

To cover the laminar flow region, one hundred experimental runs have been
performed in order to establish the basic flow friction and heat transfer characteristics
of the test surface. The test Reynolds numbers are not increased by a constant ratio to
obtain equally spaced data points. Instead a random number generator was used to
determine fan speed for particular runs. This resulted in the Reynolds number range
385 < Re < 1930 for which the correlations to be presented are valid.

The surface characteristics (the Colbrun factor and the Fanning friction factor
fversus Reynolds number Re) are graphed in Fig. 4. All of the data was fitted by standard
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polynomial regression procedure to obtain the best interpretation. Experimental Colburn
factor data have been correlated by the following equation:

j = 1462 Re2968(1 - 0.06179 In Re) (21)

which corresponds to the second order polynomial regression in Inj — InRe coordinates.
Experimental apparent Fanning factor data have been correlated by the equation

f = 5381 Re~2-841(1 - 0.05833 In Re) (22)

in the region 385 < Re < 1930. Coordinates of the smoothed curves given by Egs. (21)
and (22) are presented in Fig. 4 as well.

Using correlations given by Eqgs. (21) and (22) the flow area goodness factor, the
Jj/f ration, can be established in the form:

% =02718 Re—0.1276(1—0.1387lnRe) (23)

which is a weak function of the Reynolds number as presented in the Fig. 5.

0.5
0.4
0.3 ~
.‘I_ |t
7 T
0.2 Figure 5. Flow area goodness factor
versus Reynolds number
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Re-107°

The scatter of the j points on the graph in Fig. 4 is a consequence of the selection
of a single pair of points (just the readings #10 and #20 of Y;) for the data reduction
procedure. In other words: there was no statistics within a single run as it was in the empty
apparatus parameters identification procedure in [1]. However, a large number of
experiments was purposely used to compensate this relatively high dispersion in the heat
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transfer data. Further refinements of this method, that are presently underway, are
tailored to provide much higher determination of the j-Re curve.

The arithmetic mean value of the test core specific heat, based on the complete
set of experimental runs, has been found to be cg = 982.45 J/(kg K) with the standard
deviation of +5.6%. This value is higher than the specific heat of the 99.5% aluminum —
the basic material of the heat exchanger core, confirming thus, the effects of the air
presence in the cells on the no-flow side of the test core, as well as the brazing composition
with different density and specific heat.

The influence of L/Dj, on both j-Re and f-Re characteristics is beyond the scope
of the present experiments since the test core sample is intended to represent the
complete series of the same flow length cores from the manufacturer’s production
programme.
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Nomenclature

A [m?] — total heat transfer surface area

A [m? — matrix cross-sectional area available for heat conduction in flow direction
Ay, [m?] — frontal area*

Ay [m?] - free flow area*

B (v) [s] — parameter defined by Eq. (16)

b — parameter defined by Eq. (13), dimensionles

C — fluid to solid matrix thermal capacity ratio, dimensionless*
c, [J/(kg K)] - specific heat at constant pressure

cg [J/(kg K)] - specific heat of the test core

D; [m] — inside diameter of the apparatus tube

D), [m] — hydraulic diameter of flow passages™

f - apparent Fanning friction factor, defined by Eq. (20), dimensionless
G; — function of two variables, defined by Eq. (14), dimensionless
I — modified Bessel function of n-th (integer) order

j — Colburn factor, dimensionless*

K [W/(kgK)] - relative fluid capacity rate, defined by Eq. (15)

L [m] — test matrix length in flow direction[m]

Ly [m] — test matrix exit to TP2 location distance

L, [m] — apparatus test section length, heater to TP2 distance

L, [m] — heater to test matrix inlet location distance

L,,[m] heater to test matrix exit location distance
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m [kg/s] — mass flow rate

my [kg] — fluid mass occupying the free flow volume of the test matrix
mg [kg] — mass of the test core

NTU — number of heat transfer units, dimensionless*

NTU, — number of fluid-to-wall heat transfer units, dimensionless*
Pr — Prandtl number, dimensionless

Re — Reynolds number based on hydraulic diameter, dimensionless*
Re; — apparatus Reynolds number, dimensionless*

St — Stanton number, dimensionless

TRE] — temperature, fluid temperature

T, [°C] — fluid temperature at TP2 location

T 2€) — statistical mean minimum temperature in the system
Ts[°€C] — solid matrix temperature

T [BC] — fluid temperature at the matrix outlet*

TPO, TP1, TP2 - designate thermopiles upstream of the heater, upstream of the matrix and
downstream of the matrix, respectively

Vi Va Vip — special functions of two variables, defined in the Appendix

W [m/s] — mean fluid velocity through the apparatus tube

55 — coordinate along the flow direction measured from the matrix inlet, m also, the
first argument of the V functions in the Appendix, dimensionless

Y, [°C] — temperature of TP1 sensor

Y, [°C] - temperature of TP2 sensor

anee] — temperature of TPO sensor

Y, [°C] — discrete value of TP1 temperature

Yo [B€C] — discrete value of TP2 temperature

N El — discrete value of TPO temperature

y[s] — dummy variable of the integration with respect to time, also, the second

argument in the V functions in the Appendix, dimensionless
o [W/(m?K)] - fluid-to-test surface heat transfer coefficient
o, [W/(m?K)] - fluid-to-wall heat transfer coefficient

A, [Pa] — fluid static pressure drop across the test core

AT [RE] — maximum fluid temperature rise

AT [°C] — maximum fluid temperature rise at the matrix inlet, defined by Eq. (9)
AY, [°C] - TP2 thermopile temperature rise, defined by Eq. (17)

At [s] — time step between successive temperature readings

6 — dimensionless fluid temperature*

05 — dimensionless solid matrix temperature*

A — longitudinal conduction parameter, dimensionless*

A[W/(mK)] - thermal conductivity of the fluid
A [W/(mK)] - effective thermal conductivity of the test matrix

p [Pas] — viscosity

&€ =x/L — dimensionless coordinate

M — dimensionless local time variable*

Mo - dimensionless time constant of the exponential inlet fluid temperature signal*
N — any particular value of the dimensionless time variable

p [kg/m’] — fluid density
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ratio of the free flow area to frontal area, dimensionless

o e
T [s] — time variable
7 [8] — particular value of the time variable
T [S] — matrix local time variable
T 0s] — any particular value of the matrix local time variable
Tss [5] — time constant of the TP2 thermopile
Ty [5] — time constant of the exponential inlet fluid temperature signal
Tyo [5] — value of the time variable at the 10th reading of TP2 temperature
Ty [S] — value of the time variable at the 20th reading of TP temperature
*
Ay =Dn /4 Re, = pwD, / p
Ao—pAf St =4, / (mc,)
i mf /(mscs Toul o T(_L’Tm
oLl 0 = (T-T,,)/AT*
j—StPr2’3 05 =(Ts -1, )/ AT*
my= pA,L A =2Mc [(mc,L)
NIU= oA/ (mc,) n=rc,t,/(m,c
NTU, = o, DL, /(mc,,) ng =ric,t,/(mc,
Pr= ucp/x
Re=D,m/ Ap
Appendix
Special functions of two variablesx andy (both non-negative), appearing in this
paper are:
Vio(xy) = e 1o(2/3)
n
ol 2
Vi(xy)=e™ yz( ) #(24w)
n=0
2
yxa [ ¥)2
Va(x,y)=e™ yZn(;) In(2\/§)
n=1
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