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Abstract

The paper presents the results of experimental investigation and the new statistical method for the determination of pre-
liminary thermal characteristics of a prototype compact minichannel heat exchanger with laminar flows and significant
heat transfer in the manifolds. The exemplary heat exchanger consists of 9 straight, parallel, square-shaped channels and
two rectangular-shaped manifolds milled on both sides of the single aluminium plate. The design of the investigated heat
exchanger is quite particular, as the heat transfer area of both pairs of manifolds provides almost 1/3 of the total heat
transfer area. In the new statistical method presented in this paper, the manifolds” and channels’ heat flows are considered
separately. The heat exchanger’s thermal characteristic was obtained statistically on the basis of the experimental results
and is presented in the form of the overall heat transfer rate. The developed thermal characteristic model accounts for two
effects, among many others, which may affect heat transfer in the exchanger, i.e. the heat loss to the ambient and the
significant heat transfer in the manifolds. It is proved that the heat transfer to the surroundings was negligible due to the
suitable thermal insulation. In order to demonstrate that the heat transfer in the manifolds is significant, two calculation
variants are presented. The relative differences (residuals) between the experimental and statistically corrected heat transfer
rates and the coefficient of determination R? are determined in both variants. In the first variant the heat transfer in the
manifold pairs is neglected and in the second model it is included. It was observed that the lack of consideration of the heat
transfer in the manifold pairs provides drastic dispersion between the experimental and statistical results. In turn, in the
second model, where the manifolds are accounted for, a significant enhancement in the consistency of the results is noticed.
The relative residuals are much lower, and the corresponding coefficient R? is improved from R? = 0.8827 in the first
variant to R? = 0.9335 in the second one, respectively.
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OF THERMODYNAMICS

1. Introduction

For the last decades the revolutionary development of compact
miniature systems and installations, particularly for heating and
cooling applications and increasing demands in terms of rational
thermal energy management, have led to the decrease in size of

heat transfer equipment. Heat exchangers of small hydraulic di-
ameter, also called minichannel heat exchangers have received
much attention so far due to meeting the requirement of trans-
ferring high heat flux rates in small volume and providing ther-
mal performance augmentation. In the view of compact design
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Nomenclature

A — heat transfer area, m?

a — channels or manifolds width, m

b - channels or manifolds height, m

¢ - correction coefficient

cp — specific heat capacity at constant pressure, J/(kg-K)
d —wall thickness, m

dn — hydraulic diameter, m

h - specific enthalpy, J/kg

k — overall heat transfer coefficient, W/(m?-K)
L - channels or manifolds length, m

N — number of measurements

n —number of channels

Nu — Nusselt number

Pr — Prandtl number

p — pressure, Pa

O - heat flow rate, W

Re — Reynolds number

rea — normalized aspect ratio
resrel — relative residual

S —cross-sectional area, m?
T —temperature, K

V' —volumetric flow rate, m3/s
W - heat capacity rate, W/K

and accompanying size reduction of minichannel heat exchang-
ers, the analysis of heat transfer and fluid flow have gained par-
ticular attention and became a developing research area.

Accurate thermal and flow performance characterization for
prescribed mini- and microchannel system require the consider-
ation of scaling effects [1, 2], design concerns, like the shape
and geometry of channels and manifolds [3] as well as flow de-
velopment and boundary conditions.

In minichannel heat exchangers with two single-phase fluid
flows, the determination of thermal characteristics is rather com-
plex as heat transfer generally covers not only the channel re-
gion, but often also the inlet and outlet manifolds and additional
effects are more feasible to occur. A common approach to esti-
mate thermal characteristics for a given minichannel system is
to use simplified analytical heat transfer prediction models and
literature correlations appropriate for conventional-size chan-
nels. However, it is frequently observed that results obtained are
questionable and sometimes inconsistent with theoretical pre-
dictions as the fact that assumed boundary conditions are not
exactly fulfilled or additional phenomena may occur that were
not accounted in the simplified model [4, 5]. The literature sur-
vey concerning mini- and microchannel heat exchangers re-
vealed that the studies are rather focused on their practical ap-
plications with the aim of presenting overall thermal and hy-
draulic performance evaluation and effectiveness of the entire
heat exchanger, what was reported in following exemplary pa-
pers [6-14]. The authors also investigated the optimization of
mini- and microchannel heat exchangers design in terms of ther-
mal and hydraulic performance improvement [15]. The con-
sistency of obtained experimental thermal characteristics of
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Greek symbols
a — heat transfer coefficient, W/(m?-K)
ATiog — logarithmic mean temperature difference, K

A —thermal conductivity, W/(m-K)
u  — dynamic viscosity, Pa-s

p —density, kg/m?

¢ —sum of squares, 1/W?

Subscripts and Superscripts
3 - 3-sided channel
4 — 4-sided channel
A —manifold pair A

B — manifold pair B
c -—cold

h —hot

chn— channel

mf — manifold

exp — experimental

pred — predicted

corr — corrected

fd — fully developed flow
in —inlet

out — outlet

lam— laminar

turb— turbulent

rel —relative

mini- and microchannel heat exchangers with fundamental the-
ories of heat transfer and fluid flow in ducts was studied as well
[16].

Experimental determination of heat transfer coefficient for
particular minichannel heat exchanger requires careful determi-
nation of the surface temperature and surrounding fluid. How-
ever, accurate experimental measurements of the temperature
inside mini-heat exchanger channels in particular are extremely
difficult or are even impossible in practice. In order to overcome
the temperature measurement impediments, statistical determi-
nation of thermal characteristics for minichannel heat exchang-
ers can be considered. Statistical methods, based on the Wilson
plot method, use external experimental measurements of heat
exchanger’s parameters and enable detailed analysis of thermal
behavior of investigated heat exchanger [17]. Fernando et al.
[18] obtained heat transfer coefficients for shell-and-tube heat
exchanger with multiport minichannel tubes with the use of clas-
sical version of the Wilson plot method. The comparison of ob-
tained results of Nusselt number and heat transfer coefficients
with standard literature correlations reflected partial, but no
clear correspondence, especially in the laminar flow regime. In
[19] new statistical method was derived for the determination of
thermal characteristic of a prototype heat exchanger made of two
plates with mini channels. The obtained experimental thermal
characteristics of investigated heat exchanger were given in the
form of overall thermal resistance. Since the experimental and
theoretical thermal resistances are predominantly not equal, cor-
rected thermal resistance was introduced to statistically estimate
experimental thermal resistance. The regression function of cor-
rected overall thermal resistance included two experimental lin-
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ear coefficients, which corrected the predicted thermal re-
sistance of hot and cold heat exchanger side separately. The rel-
ative differences between experimental and corrected overall
thermal resistances were in the range of +5%.

The first version of the new statistical method, developed for
the thermal characteristics determination, was introduced in [19]
for the minichannel heat exchanger, but without consideration
of the manifolds. Unlike in the previous study, the statistical
method had to be completely redesigned to take the manifold
heat transfer into account. However, the basic idea of the method
is preserved: a statistical comparison of the experimental and
corrected theoretical values to determine the correction coeffi-
cients and the use of the simultaneously varying fluid flow rates
at both sides of the heat exchanger. In the presented new statis-
tical method, the heat flow rates are used instead of thermal re-
sistances in the first method [19].

This article presents a new statistical method for the deter-
mination of the preliminary thermal characteristics of a proto-
type minichannel heat exchanger. The thermal characteristic is
presented as the total heat transfer rate of the heat exchanger.
Experimental measurements were performed for single-phase
laminar flows of distilled water in a counter-flow arrangement.
The obtained volumetric flowrates are characterized by 12-fold
variability, corresponding to the total range of Re = 117 + 2 500.
The considered heat exchanger has 9 parallel square channels of
2 x 2 mm cross-section and two rectangular inlet and outlet
manifolds milled on both sides of a single aluminium plate. The
heat exchanger has an unusual and specific design since the sur-
face area of both manifolds represented about 30% of the total
heat transfer surface area. It was predicted that this effect could
disturb the thermal behaviour of the heat exchanger and could
constitute a significant part of the total heat transfer rate, which
was later confirmed. The consideration of the effect of heat
transfer in manifold regions for detailed determination of ther-
mal characteristics requires the development of a new method
of statistical analysis of experimental measurement results. This
new statistical method, based on the Wilson plot approach, ena-
bles the assessment of heat transfer in the manifolds region and
in the channels region separately. The additional considered ef-
fect is heat loss to the ambient, which was found to be negligible
afterwards. In order to determine the corrected heat transfer
rates, both in the manifolds and channels area, the correction co-
efficients were obtained using the least squares method. Calcu-
lations for the channel region are more precise due to the deter-
mination of separate correction coefficients for hot and cold heat
exchanger sides, while for the manifold region, one common
correction coefficient is determined. The comparison of the ex-
perimental and statistically corrected heat transfer rates, ex-
pressed in the form of relative differences (residuals), is pre-
sented for 2 calculation variants. In the first variant, heat transfer
in the manifolds is neglected. In the second variant, the mani-
folds are included. As a result, an increase in the coefficient of
determination R? is observed for the second model, which
proves the importance of consideration of the heat transfer in the
manifolds in the thermal analysis of the investigated minichan-
nel heat exchanger.
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2. Description of the experimental investigation

The real view of the experimental test stand for heat exchangers
investigations was depicted in Fig. 1 and a detailed characteri-
zation of the design, specification of measurement procedure as
well as calibration process was presented in [20].

Fig. 1. The picture of the experimental setup: 1 — calibration bath of
the cold side, 2 — calibration bath of the hot side, 3 — hot and cold
side pressure transducers, 4 — ice point reference, 5 — LabVIEW
control program, 6 — Keithley digital multimeter, 7 — investigated
minichannel heat exchanger with insulation, 9 — hot and cold side
flow meters.

The experimental facility, which operates in a closed loop of
circulating hot and cold working fluid, consisted of the investi-
gated minichannel heat exchanger placed in the insulation, the
thermocouples, pressure transducers, flowmeters, calibration
baths and the measuring control unit. As a reference tempera-
ture, the automatic Ice Point Reference unit was used. The entire
data registration and acquisition process, as well as the general
operation of the test stand, were performed automatically. The
Keithley measuring set was used to register the experimental
data points and for its further processing, the LabVIEW envi-
ronment was implemented. The proper measurements have been
carried out in steady-state thermal conditions. The following pa-
rameters were directly measured: the inlet and outlet fluid tem-
peratures, pressure drops and volumetric flowrates. On the basis
of the registered parameters, the thermal power of investigated
heat exchanger is obtained with the use of thermal balance
method.

The view of investigated minichannel plate with selected
manifold pairs is presented in Fig. 2a. The external dimensions
of investigated heat exchanger are equal to 150 x 70 mm. The
heat exchanger of a modular construction and sandwich form
consists of the replaceable aluminum plate with minichannels
placed between upper and bottom housing made from plastic.
Rubber seals are also inserted on both sides between the alumi-
num plate and housings. The set of straight, parallel, square-
shaped minichannels is milled on both sides of the single alumi-
num plate, forming symmetric grooves. The channel hydraulic
diameter was equal to 2 mm. The plate has its own inlet and
outlet manifolds milled on both sides of the plate as well. The
working fluids flow through the same core material, therefore
a prototype single-plate minichannel heat exchanger is con-
structed. The detailed geometry specification of channels and
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manifolds of the tested heat exchanger is shown in Fig. 2b. The
main benefit of this solution is a simplified design with no inter-
mediate plates inside, the reduced amount of heat exchanger
components and rapid manufacturing. However, as far as the
thermal design of this minichannel configuration is concerned,
the channel top surfaces are thermally isolated due to the pres-
ence of rubber seals. It follows that only 3 inner sides of a square
channel are heated or cooled, thus for accurate description of
thermal characteristics of this particular minichannel system, the
proper calculation variant for the Nusselt number should be se-
lected. The thickness of the plate layer (intermediate wall),
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Fig. 2. Schematic view of the minichannel’s plate with two pairs of
manifolds (a), and sizes of the minichannels and manifolds (b).

which separates the hot and cold fluid is equal to 1 mm. Inlet
and outlet plenum has a rectangular shape and both surface area
occupy about 30% of the total heat transfer area. The heat ex-
changer is placed in the thermal insulation made of granulated
polystyrene foam.

The experimental measurements were performed for single-
phase flows of distilled water in a counterflow arrangement. The
only parameter which was varied during measurements was the
water flowrate. The inlet temperatures of hot and cold fluids
were invariant and adjusted to 70°C and 20°C, respectively.
A total of 8 series of measurements with significant variability
of the volumetric flowrates were performed. In each series, the
flowrate of the cold fluid was adjusted manually, while the
flowrate of the hot fluid was maintained constant. Also, the
flowrate was reduced from its maximum value (about
1.11 dm?min for cold fluid and 1.16 dm3/min for hot fluid) by
approximately 0.15 dm3/min. Therefore, 8 measurement points
were obtained in each series, and the total amount of N = 64
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measurements were carried out. Due to low flow rates, laminar
flows took place.

The thorough determination of experimental measurements
uncertainty of individual parameters was presented in [20] and
obtained results were collected in Table 1.

Table 1. Results of experimental measurements uncertainty
determination.

Measurement Uncertainty
Pressure 10.05% of measurement range
Flow rate +0.35% of measured value
Temperature +0.25°C

The heat exchanger’s dimensions, shown in Fig. 2b, are as
follows: channel length Lcin=100 mm, channel width
achn = 2 mm, channel height benn = 2 mm (aspect ratio 1), mani-
fold length Liw¢ = 50 mm, manifold width a,s = 20 mm, manifold
height bms = 14 mm, intermediate wall thickness di = 1 mm, side
wall thickness ds = 4 mm. The number of channels is nehn = 9.

3. Statistical analysis of the measurement data
and derivation of the thermal characteristics

Heat flow rates at the hot and cold heat exchanger side are cal-
culated from Egs. (1) and (2):

Qh =my, - Ahy = my, - [h(Th,in' ph,in) - h(Th,outrph,out)]v

1
Qc = - Ahe =1, - [h(Tc.out» pc,out) - h(TC,in: pc,in)]'
where the mass flow rates are given by: @
1y, = Vy 'p(Th,out'ph,out)v 3)
it = Ve - p(Teouts Peout)- (4)
For calculation purposes arithmetic mean is used:
Qexpi = (Qni + Qc)/2, (%)

fori=1,2,...,N.

In order to assess heat loss to the ambient, the relative devi-
ation 8Q,.; of Q, and Q. relative to Q,,,, is calculated as an
average of the half |Q, — Q.|/2 of the distance between Q,, and
Q. divided by the mean heat flow Q.-

|Qh.i‘Qc,i|
Qexp,i '

8Qrer = 5= 2iy (6)

It is more pessimistic than the standard deviation.
Due to the sufficient thermal insulation, the relative scatter-

ing of Qcy, amounted only +8Q,..; = +3.1% and therefore

heat transfer to the ambient could be acknowledged as negligi-
ble.
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Figure 3 presents the thermal balance of the heat exchanger
in the form of experimentally obtained heat transfer rates of the
cold and hot side.

Q. (W)

It

300| -
200}
100|

ol .
0 100 200 300 400 500 600 700 800
Qn (W)

Fig. 3. Experimental heat transfer rates of the hot and cold side
of the investioated heat exchanaer.

In the developed statistical method the greatest possible var-
iability of both flow rates, V,,, V. is required.

The Reynolds number Rey, Rec in each hot and cold channel
or manifold is given by:

m/S-dp,
.

Re = @)

The fluid’s dynamic viscosity x (and the thermal conductiv-
ity A and the specific heat capacity cp) in the channels is deter-
mined for the mean temperature between the inlet and outlet and
in the manifolds for the corresponding inlet or outlet tempera-
ture. The hydraulic diameter is calculated from the same formula
for the manifolds and channels:

__2ab

™ asp’ (8)
The total cross-sectional area S is calculated by:
— for the manifolds:
S = Qmy * by, 9
— for the channels:
S =Nenn * Aenn * benn- (10)

Figures 4a and 4b show the maps of the experimentally ob-
tained volumetric flowrates and of the corresponding Reynolds
number, respectively. The numbers show the order of measure-
ments.

In the statistical method developed in this paper, the signifi-
cant heat transfer area of the manifolds is taken into account. To
present the significance of the heat transfer in the manifolds, two
variants of the calculation are developed: with the neglected
manifolds and with the manifolds taken into account. Figure 5
depicts these two variants of the heat flows.

The manifolds are partly made of metal and plastic, schemat-
ically shown in Fig. 2. The heat transfer area in the single pair
of manifolds is given by:
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The heat transfer area of nchn channels, with only 3 sides ex-
changing heat, is given by:

Achn = Nenn * Lenn - (achn +2- bchn)- (12)

Substitution of the numerical values gives Ans = 0.00128 m?
and Acnn=0.00540 m?. Both manifold’s heat transfer area is
equal to 2Ani/ (2Ami+Acnn) = 32.2% of the total heat transfer area.
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Fig. 4. Maps of the experimental: a) volumetric flowrates with the
order of measurements, and b) corresponding Reynolds numbers.
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Fig. 5. Heat flows in two variants: a) without manifolds,
b) with manifolds.

The theoretical (predicted) values of the heat transfer coeffi-
cient o are calculated from the appropriate correlations of the

Nusselt number:
a — Nupreq-d
pred dp, '

(13)

In the manifolds the Nusselt number in this paper is calcu-
lated from the Dittus-Boelter correlation [21]:

NUup,eq = 0.023 - Re®® - Pro, (14
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where the Prandtl number is given by:

Cp 'l
Pr = pT. (15)

Although the flows in the manifolds are three dimensional,
they are turbulent and the Dittus-Boelter correlation, developed
for the flows in pipes, is used as a rough approximation.

In the channels, the way the Nusselt number is calculated
depends on the flow type.

For developing laminar flows (Re < 2 300) in a rectangular
microchannel the Nusselt number is given by the formula from
[22], used for the normalized aspect ratio 0.1 < rpy < 1:

1
C1-(L9)C2+Cy

Nup-r-ed = C4_. (16)

The dimensionless thermal channel’s length L* and the co-

efficients Cy, ..., C4 are given by:
* __ L/dh
= Re-Pr’ (17)
1073 1072 1075
C, =-2.757——+3.274-———7.464- + 4.476,
Tba Tha Tba
(18)
C, = 0.6391, (19)
-4 -3
C; = 1.604 - —— — 2.622 - 1r°b +2.568-1072, (20)
ba a

C, = —6.094 13, +15.19 - 12, — 13.11 1, + 7.301,
(21)
where the normalized aspect ratio is given by:

Tha = Min(Achn/benns Denn/Achn)- (22)

For L* < 0.1, laminar flows are developed [23].
For fully developed laminar flow, the Nusselt number is
given by [24]:

Nufd,pred = 8.235- (1 - 2'0421Tba + 308537'}72(1 +

—2.476513, + 105781, — 0.186175,). (23)

The analytical formula for fully developed laminar flows is
also derived in [25]. For transitional flows 2 300 < Re < 10 000
the linear interpolation from Gnielinski correlation [26,27] is
used. It is based on the values of NUjam 2300 for the laminar flow
of Re=2300 (16) and Nuwrb 10000 for the turbulent flow of
Re =10 000 (14):

Re-2300
Nu = (1 - —) -Nu +
pred 10000—2300 lam,2300
Re-2300
——— - Nu . 24
10000—2300 turb,10000 ( )

For turbulent flows Re > 10 000 the Dittus-Boelter formula
(14) is used.

In the investigated heat exchanger only 3 from 4 channels
sides are heated or cooled. In this case the approximate formula
from [23] is used to calculate the Nusselt number for 3 sides
only:

Nufd'3
NdeAl

Nupred = Nu4,pred ' (25)

where Nuspred IS given by the formulae (14), (16) or (24) in
which the subscript 4 is omitted for simplicity. The quotient
Nutq a/Nusg 4 is calculated based on the values of Nusg.s and Nusg 4
for the fully developed flows [24] and is presented in Table 2 for
various aspect ratios a/b.

Table 2. Quotients Nugg,s/Nugg 4 for various values of the aspect

ratio a/b.
Aspect ratio a/b Nuyd,3 Nujd,a Nuja,3/Nugas
0 8.235 8.235 1
0.1 6.939 6.7 1.03567
0.2 6.072 5.704 1.06452
0.3 5.393 4.969 1.08533
0.4 4.885 4.457 1.09603
0.5 4.505 4.111 1.09584
0.7 3.991 3.74 1.06711
1.0 3.556 3.599 0.98805
1.43 3.195 3.74 0.85428
2.0 3.146 4,111 0.76526
2.5 3.169 4.457 0.71102
3.33 3.306 4.969 0.66533
5 3.636 5.704 0.63745
10 4.252 6.7 0.63463
oo 5.385 8.235 0.65392

In the analyzed heat exchanger, three heat flows take place:
Q, in the pair of manifolds A, Q.p, in the channels and Qg in
the pair of manifolds B. The predicted values of these flows are
calculated from the above-described formulae for the Nusselt
number. However, these predicted heat flows should be multi-
plied by the correction coefficients and the obtained corrected
heat flows are statistically compared with the experimental ones.
The statistical method of least squares is used to determine these
correction coefficients.

Theoretical, predicted heat transfer coefficients are calcu-
lated from appropriate Nusselt number correlations. In the man-
ifold pairs the Dittus-Boelter correlation is used and in the chan-
nels the correlation (16) in [22] is applied, regarding thermally
developing flows in rectangular channels. The corrected overall
heat transfer coefficients in two pairs of manifolds and in the
channels are calculated using the statistically determined correc-
tion coefficients cn, Cc, Cas, Which correct the theoretically pre-
dicted heat transfer coefficients:

kA,corr = CaB kA,predl (26)
1 1 1
= + , (27)
kchn,corr Ch'@p,chnpred  Cc'%cchnpred
kB,corr = CaB kB,pred- (28)

The predicted overall heat transfer coefficients Kapred and
Ks,pred in the manifolds pairs A and B are calculated using the
heat transfer coefficients o a pred, Oc,Apred, Oh,B,pred, Olc,B,pred TrOM
the Dittus-Boelter correlation (14):

CE T — (29)

1
XpApred  @cApred

kA,pred
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1 1 1

@h,B,pred

(30)

kB,pred &c,B,pred

Because the main heat flow takes place between hot and cold
channels, two separate correction coefficients cn, ¢ are used. For
both pairs of manifolds, only one common correction coeffi-
cient, cag, is used. Since there is relatively small number N of
the measurements, it is better to statistically determine maxi-
mum 3 correction coefficients [19].

The temperature differences of the hot and cold working
fluid in the region borders are related by following equations:

kacorr-Aa

ATchn,in = ATy, - exp( Wa )1 (31)
kC nCOrr.AC n
ATchn,out = ATchn,in - €xp (hThnh)’ (32)
kBcorr-4A
AToye = ATchn,out  €xp (BW—BB): (33)

where the resultant heat capacity rates for the counter-current
flows:

1 1 1

— = - = : (34)
Wa MpCp AL McCpAc
1 1 1
= — — = , (35)
Wehn Mp'Cp,chn,h Mc*Cp,chn,c
1 1 1
L—_ 1 (36)
144} Mp'CpBh  McCp,Bc

The statistically corrected heat transfer rates in the channels
and manifolds are described by:

QA,COTT = kA,COTT ' AA : ATlog,Al (37)
Qchn,corr = kchn,corr 'Achn : ATlog,chnl (38)
QB,corr = kB,corr A - ATlog,Bl (39)

where the logarithmic mean temperature differences in the chan-
nels and two pairs of manifolds are given by:

_ ATchn,in_ATin
nATchn,in !
ATy

ATlog,A (40)

AT chn,out=AT chn,in

nATchn,out !
AT

ATlo‘g,chn = (41)

chn,in
ATout=AT chn,out

AT
In out
AT«:hn,out

ATlag,B = (42)

The overall and statistically corrected heat transfer rate is
a sum of three heat flows:

Qcorr = QA,corr + Qchn,corr + QB,corr- (43)

This concise formula (43) presents the thermal characteristic
of the investigated heat exchanger, in which the right side de-
pends on the flow rates V,, V. and contains the statistically de-
termined correction coefficients cn, Cc, cag. The first calculation
variant (without manifolds) is obtained by the substitution

69

cae = 0, which indicates that no heat transfer in the manifold re-
gion occurs (QA,corr QB,corr =0).

The correction coefficients cp, Cc, Cag are determined by sta-
tistical fitting the corrected Q py,corr @nd experimental Qcpp exp
heat flows in the channels, by the method of least squares.

The corrected heat flow in the channels may be presented
with explicitly shown the correction coefficients cy, Cc:

1 1

-1
) : Achn : ATlog,chn-
(44)

Qchn,corr = <

Ch'@h,chn,pred Cc'®¢,chnpred

The experimental heat flow in the channels Qchn,exp is not
measured directly, however it is approximated by subtracting
the corrected heat transfer rates in the pair of manifold A and B
from the measured total heat flow Q'exp:

Qchn,exp = Qexp - QA,corr - QB,corr: (45)

or in the form with explicitly shown the correction coefficient
CaB:

Qchn,exp = Qexp —CaAB kA,pred : AA : ATlog,A -

CAB * kB,pred -Ap - ATy p - (46)

It is easier to statistically fit the reciprocals Qg2 cor and
Q'C‘,}n_exp because the correction coefficients cy, cc are determined
analytically in this case. The reciprocal Qgz, cor (44) is written
as:

1 1 1

-1 —
Qchn,corr - ( ’ AchnATi0g chn' (47)

Ch'@h,chn,pred Cc' ac,chn,pred)

or in the version where the 1/c, and 1/c. are in a linear form:

1 1

Q'—l —
chn,corr —
1

Cc  Acchnpred-Achn'ATlog,chn

Ch  QAnchnpred-Achn'ATlog,chn
1

(48)

The reciprocal of experimental heat transfer rates in the
channels is given by:

-1 L
Qchn,exp - (Qexp —CAB* kA,pred : AA : ATlag,A -

CaB * KBprea - A8 'ATlog,B)_l- (49)

The correction coefficients cn, Cc, Cag are determined statis-
tically by the use of the least square method [28] by minimizing
the sum:

. . 2
(P(Ch, Ce» CAB) = ?I:l[Qchln,exp,i(CAB) - Qchln,corr,i(ch' Cc)] '
(50)
The short symbols are used for the convenience:

—N-1 —
Yy = Qchn,expl Xnh = 1/(ah,chn,pred : Achn : ATlog,chn)x
Xe = 1/(ac,chn,pred : Achn : ATlog,chn)x

ap = 1/cy, a. =1/c..
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Using these symbols, the reciprocal Qg2 .o in Eq. (48) has
the clear form of a linear function of two variables xp, Xc:

(51)

-1 —
Qchn,corr = ap - Xp +ac - xc.

Minimization of the function (50) for cn, . gives the linear
system of equation with two unknowns an, ac, similar to the sys-
temin [19]:

{

The linear coefficients an, ac are calculated analytically by
the use of the Cramer’s rule:

— N
= Yiz1XniYi
_ vN
= Yiz1%c,iYi

N 2 N
ap - Yi=1%h; +a; - Yis1XniXe,

.(52)
ah'zli\]:lxh,ixc,i +ac - Iiv=1x§,i

N .2 <N N N
_ D=1 X Xi=1 Xn,iYi~Li=1 Xh,iXc,i'Xi=1%c,iVi

ap T (53)
Z?:1xI21,i'2?’=1x?,i_(Zliv=1xh.ix6.i)

_ SN XN Vi NN Xy X SN XY (54)
c — 2
Z?:1xf21,i'Zli\ilxg,i_(z?]ﬂxh.ixai)

The correction coefficients cy, c. are calculated from:
1 1
Chp = a—h, Cc = a—c. (55)

The correction coefficient cag is calculated numerically, the
Golden Section method is used to find the minimum of the func-
tion (50) for cag. In every iteration of this method the coeffi-
cients cp, Cc are calculated analytically from (55). This decom-
position of the calculation into the linear and nonlinear part re-
duces the calculation time and gives better accuracy of the val-
ues of the coefficients cn, Cc, Cag.

The coefficient of determination is given by [28]:

. . 2
Z?Ll(ngp,i—Qcorr,i)

R?=1- . : 5
z:§V=1(Qexp.i_1/1"2;\’:1 Qexm‘)

(56)

The relative residuals between the experimental and statisti-
cally corrected heat flow in the heat exchanger are calculated as:

_ Qexp,i_Qcorr,i

TeSrer; = ) (57)

Qcorr,i
fori=1,2,..,N.

The computer program was developed in the Engineering
Equation Solver (EES) environment to calculate the results.

Figure 6 presents the relative residuals of the experimental
and statistically corrected heat transfer rates for the heat ex-
changer, compiled for two calculation models. Figure 6a corre-
sponds to the model, where the heat transfer in the manifolds
was neglected (0-mf symbol), while Fig. 6b denotes the model,
where the heat transfer in the manifolds is included.

Each measurement was done after 20—25 minutes of the tem-
peratures stabilization, to reach the steady state, which means
the measurements are statistically independent. However there
are regularities in Fig. 6, but they are caused by the regular
changes of the flowrates, measured in the order shown in
Fig. 4a. The regularities also exist in Fig. 6b, where the heat
flows in the manifolds are taken into account, but the residuals
are significantly lower and are more random.

70

The highest residuals occur in the primary measurements,
what corresponds to the highest flow rates and Reynolds num-
bers, Fig. 4a. The residuals in Fig. 6b are much lower than in
Fig. 6a, which means that the consideration of heat flows in the
manifolds is important. Calculation results of the correction co-
efficients and the coefficients of determination R? are presented
in Table 3.
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Fig. 6. Relative residuals of the experimental and statistically
corrected heat transfer rates in the heat exchanger. Variants:
a) without manifolds (0-mf), b) with manifolds.

Table 3. Calculation results for the variants 1 and 2.

Variant Cas Ch e R?
1 — without manifolds (0-mf) 0 1.529 = 2.009 0.8827
2 — with manifolds 7.751  1.081 1.549 0.9335

The statistically determined correction coefficients cag, Cn,
Cc in the variant 2 are used in the heat exchanger's thermal char-
acteristics (43).

4. Conclusions

e The use of the proper thermal insulation enables neglect-
ing the heat transfer to the ambient. The experimental dif-
ference of +3.1% between the heat flow supplied and re-
moved from the heat exchanger is slight and therefore the
heat flow to the environment may be omitted.

The statistical method for the determination of prelimi-
nary thermal characteristic of minichannel heat exchang-
ers with significant manifolds dimensions was devel-
oped.

The consideration of significant heat transfer in the man-
ifold region improves the fit accuracy (coefficient of de-
termination R?) with respect to the model, where mani-



Experimental and statistical determination of thermal characteristics of the special design minichannel heat exchanger

folds were not considered. The relative differences be-
tween the experimental and statistically corrected heat
flows are much decreased.

In order to describe precisely thermal behavior of inves-
tigated minichannel heat exchanger and to obtain exact
thermal characteristics, further extended analysis is re-
quired.
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