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Experimental and Predicted Overall Heat Transfer Coefficients for

Four Residential Air to Air Heat Exchangers

by
R. A. Seban, A. Rostami, and M. ZaYringha]am

Prepared by the
. Department of Hechanical Engineering
University of California at Berkeley.
under LBL P.0. 7191600

Abstract

Experimental values of the overall heat transfer coefficient are
vobtained from measured values of the effectiveness for four residental
1size air-to-air heat exchangers. Predictions of the oveka]] heat transfer
coefficient are made from available information, primarily analytical, that
specifies the local heat transfer coefficients for the two air streams. For
~ the range of flow rates involved in the experfments, typical of the use of
:these exchangers, the usual transition cr%téria imply that the flows are
laminar. The correspondence betweén the experimental and_the predicted values
of the‘overa11 heat transfer coefffcients is not very géod. - Comments are
made about these diécrepancies, but the differences cannot be definitely

explained at present.
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Nomenclature

transfer area

~specific heat

friction coefficient

capacity rate

. hydraulic diameter

heat transfer coefficient

thermal conductivity

“exchanger length in flow direction

mass flow rate

number of flow channels

channel perimeter
heat flux

thermal resistance of exchanger wall

humid heat (specific heat accounting fok»vapor content of air)

temperature
mean velocity
overall heat transfer coefficient

distance in flow direction

distance in flow direction, second stream in cross flow exchanger

thermal diffusivity
thickness of exchanger wall
effectiveness

]ongitudina1 conduction parameter
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U dynamic viscosity
v kinematic viscosity

0 density

Subscripts

C cold fluid
H hot fluid

I inlet
0 outlet
Superscripts

— average over exchanger transfer surface

. . . + X
+  non-=dimensional distance x = TR
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1. Introduction

Heat exchangers are avaf]abie commercially for the minimizatipn of the.heat
1dsse$ associated wifh building ventilation by using the réjected ;ir to
heat (in winter) or cool (in summer) the supply of ventilating air by heat
transfer from the air withdrawn from the:en¢1osure to be ventilated. These
units are.compesed of a core contained in a case which incorporates the 1ﬁ]et
and outlet fittings,-and which case may enclose also blowers for air 1nducti6n
and rejection, together with the motors that drive the blowers. The case
contains a drain for condensate removal; since condensation may occur on the
side of the hot air stfeam ff conditioné'are such that the temperature of the
trénsfer surface at any location falls below fhe dew pOint temperature of the
entering hot stream. ' | _ |

Tests have been;made to determine fhe effectiveness ofvsuch excﬁangers
under conditions in which condensation did not occur, and Fisk, et al. (1)

have given the effectiveness as'a function of the flow rate for five such

:exchangers; These were of relatively small size, as intended for domestic

use. In those units which incorporated blowers, theee were either removed or
were inoperatiVe., In addition to the effeetiveness, Ref. (1) gives complete
details of the test system and of the exehangers and also gives information
on the pressu}é drop measured across them. |

This report’is concerned with thefeva1uatﬁon of the overall heat
transfer coefficient frbm the measured values of the effectiveness and with
the prediction of this coefficient to determine how well the experimental
and the predicted eoefficients'compare; This evaluation is maqe.for four of
the exchangers for which results are given in Ref. 1. No appraisal of experi-
mental and predicted preSsure drops‘is made in this report because, in
Qenera], the pressure drop in the case, external to the core, is large

compared to the pressure drop in the core itself.
. _1_ -



The purpose of this comparison of the experiménta] and the predicted
overall heat transfer coefficient was to éstablish'the predictive capacity of
thé models for the local transfer coefficients for the hot and cold air sides
of the exchanger. This appraisal is va]ﬁab]e in Fespect to exchanger desién
and also in respect to the furthef prob]em qf performance prediction for
operating conditions in which condensation or ffeezing may occur within the

exchanger.,

2. The Exchangers

Two of the_exchangers are cross flow units, and are made of aluminum
sheets, to produce a basic flow channel which is essentially a rectangle of
large aépect ratio. One; the'Geﬁvex VMC exchanger, hereafter referred to as
the G exchanger, has preciéé]y this flow cross section, identical for each of
the hotfénd cb]d streams. Table 1 gives the essential dimensions of this
exchanger, and of the other three exchangers as well. The other cross flow
exchanger, fhe Flakt RDAA.exchanger, hereafter referred to as exchanger F,
is of the same basic geometryvas exchanger G, but cohtain§ between the parallel
plate surfaces which separate the hot and cold streams a corrugated aluminum
sheet, which sheet is not bonded td the parallel surfaceé. This corrugated
sheet provides a parallel éystem of rbugﬁ]y triangular flow passages, of the
form indicated on Ejg. 1. The sheet produces fins on the basic surfaces, |
with a fin effectiveness that depends in magnituderon the contact resiétance
at the lines on which the corrugations touch the para]ie] plates.
The other two exchangers considered here are counterflow units. One was

a unit fabricated according to the design of a unit available commercially

(2). Here this exchanger is referred to as exchanger B, " The transfer surfaces

were plastic sheets, separated at the ekchanger edges by 1.9 cm (.75Vin) thick
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wood strips, that also formed the exterior of opposite sides of this exchanger.
The ehc]osure is completed by plywood sides parallel to the plastic sheets

that formed the case. The hot air enters the top anq leaves at_the bottdm,

and the cold air enters the side, near the bottom, through a-gap in the spacers.
The c0]d air leaves through a similar gap on the opposite side, near the top of
the exchanger. Thus, the flow is cdunterf]ow through most of the core length,
but it departs from this configuration near the top and near the bottom.

The fourth exchanger, also a counterflow unit, is an A]des VMPI exchanger,
hereafter this exchanger is denoted as exchanger A. It is made of a stack of
stiff plastic sheets. These sheets are of a rectangular plan form with tri-_
angular ends, In the central rectangular seétion, as shown on Fig. 1, these
sheets are corrugated in sdch a way that the contact of two adjacent sheets
produces flow cross-sections of rhombic form, (a diamond shaped cross-section)
with alternate hot and cold channels. The corrugations are different on the
triangular ends; where the sheets have localized corrugations that, projecting
against the adjacent sheet, produce a number ofvféctangﬁlar channels thréugh
whith the hot air (for one pair of sheets) or the cold air (for the adjacent
pair of sheets) is directed to the hot and cold channeis formed by the
corrugations as defined above. Within the central part of the core
region, the cold air passages are changed to a triangu]ar form by a flat plastic
sheet placed between the corrugafed sheets, as Shown on~Fig. 1. A stack of
such sheets forms the core, and registration is maintained by the outer case of

the exchanger.

3. The Experimental Effectiveness

The tests were made to determine the effectiveness. In them the ratio

of the capacity rates CH/CC, i.e., (ﬁHs)/(ﬁHs), ranged from 0.93 to 0.98, with

~3-



hot air inlet temperatures between 21°C (7C°F) and 27°C (80°F)'and cold air
inlet temperatures between 10°C (50°F) and 7°C (45°F). Hot air was supplied
and returned through a loop that contained heaters, fan, orifice meters for
the inlet and outlet flows and thermocouple rakes for the measurément of the
mean temperatures, theée rakes being immediately adjacent to the inlet and out-
let fittings on the exchanger case. The cold air circuit was similar, except
for the incorporatiqn of cooling c011$. Pressure adjustments were available
¢ fhat the pressure at the hot air inlet and cold air inlet could be equalized.

In operation, for all of the exchangers, the balance between the total
inflow, ﬁHI ; ﬁCI? and the total outflow, was generally within 1%, and the in-
dividual ba]antés, aé between hot air inf]ow,'ﬁHI and the hot air outf]ow,:
ﬁHO’ were also relatively close. Other evidence revealed that leakage may
have occurred in the case, between the hot air into the core and the cold air
out of the core, and simi]arly between the cold air in and the hdt air oUt,
Such,}eakage, if it ocCurred,_had the consequence of increasing the effective-
ness, as measured fkom the‘témperatures’that were observed Outsidé of the
‘exchéhgér case, above the true value associated with the core itse]f.; Sig-
nificant leakage of thfs type probably did occur with the G.exchanger.

Tests were made for a range of flow rates from about _
0.023 m3/sec (50 ft3/min) to 0.118'm3/sec (250 ft3/min), and»numerous tests
were made for any given operating conditions. Comparison of thelenergy
loss from the hot stream, Q, = s(ﬁlHITHI - ﬁHOTHO)’ to the gain by the cold
stream QC = S(r;lCOTCO - ﬁCITCI) indicated significant uncertainty in the Sate
of heat transfer. With the "loss" specified as Qy - Q¢ = Q , the ratio<ﬁﬁ

varied substantially, and it could not be rationalized in terms of any logical

heat transfer from the exchanger case. Therefore, there were selected for
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Q

GL- was a m1n1mum, and even with this

H

were, for exchanger G 0. 0 < Q <0, 14; for
_ H

evaluation only those runs for which

Q

selection, the ranges of =— Q

H

| Q : : Q
exchanger F, -0.07 < 6— 0.02; for exchanger B, -0.01 < 6—-« 0.10, and
H QL H

for exchanger A -0.04 < =< 0. 07 " Few runs were made with Exchanger B

Qy

because there was difficulty in maintaining stable operating conditions.
Apparently the core pressure drops were affected by motion of the thin
plastic sheets, despite attempts that were made to maintain nearly equal
pressures in the hot and cold aik Streams.

Figure 2 shows the effectiveness for the four exchangers, one poinf-being
shown on that figuré for each flow rate, the point being selected oh the basjs
of'the best energy balance. For both the G and the F, counterflow exchangers,
the ho§ air effectiveness, ny = (THI - THO)/(THI - TCI) and thé co]d-air
effectiyeness?.né = (TCO - TCI)/(THI - TCI)’ were both evaluated. For a capacity

rafevratio, CH/CC’ less than unify, the former should bé compared to the mass

rate of flow of the hot air. For the ultimate evaluation of the overall heat

trahsfer coefficient, howevef; almost the same coefficiént will be evaluated if
the average effectfveness, ny = (nH + nc)/2 is comparéd.to the average in- |
flow rate, (ﬁHI + ﬁCI)/z, when the two flow rates are as nearly equal as they
were in the present experiments. The results for the G exchanger, because of
their erratic nature, required this representatidn-to secure consistency, and

for both exchangers'this interpretation was required for the evaluation of

- an overall heat transfer coefficient because of limitations on the analytical

information that is available for the evaluation of: the effect of longitudinal

- conduction, which was 1mportaht in these exchangers. Thus for the G and F

~ exchangers,. Fig. 2 shows Ny s a function of (ﬁHI + ﬁCI)/Z.



For the counterflow exchangers, exéhahgers B and A, Fig. 2 shows, as
points, the hot side éffectiveness, Ny» as a function of ﬁHI’ the mass flow
rate of the inlet hot air stream.

Figure 2 contains curvés drawn és an estimafe of the possible form of the:
function n = f(ﬁ). Ané]ytical considerations indicate that if fhe_overal]
transfer coefficient is constant, or increases monotonically with flow rate;
that the negative slope of the relation, n = f(m), should increase monotonically
with "m" increasing.  The pictured curves conform to this. The curves them-

selves, the best estimate of n = f(m), are not used otherwise in this report.

4, The Experimental Overall Heat Transfer Coefficient

For the cross flow exchangefs, in whichl]bngitudina] conduction was
significant, the relation between the effectiveness and the 6vera11 heat
transfer coefficient is obtained from the re#u]tS‘of a numerical -computation.
This gives the effectiveness in terms of the Number of Transfer-Uﬁits, UA/CH,
where the ovéra]] transfer coefficient is assumed to be invariable over the
exchaﬁger area, and the ratio of the capacity rates, CH/CC and the quantities,
AH and AC, associated with the longitudinal conduction in the two flow
directions. ‘The'quéntity A is np km Gm/C, wherg Np is the total number
. of flow passages, km is the cbnductiyity of the méta],‘and Sm is the

effective thickness of the metal wall, per passage. For the G exchanger, with

parallel walls, S

is the wall thickness. For tﬁé F-exchanger, it is an
effective value evaluated from the wall thickness and the length of the

corrugation thickness per dnit wall width. Chiou (3) has given results that
' : U C
can be translated to n, = f(—A-, H s A, s A.) but, in terms of the present
H CH CC H C : .
range of capacity rates, those results are available only for n = f(T?" x), for



)

‘equal capacity rates and, as in the G and F'exchangers, equal X values for

both flow directions. (These results were, in fact, confirmed by separate

numerical calculations, done in a slightly different_Wayﬂfrom that described

in Ref. (3), for a restricted range of A and %é-. The incentive for such a

calculation was an initial view that Ref. (3) might be wrong; in fact the

reSu]ts of that reference were confirmed,)

Figure 3 is a'picture of the relation n = f(%é-, A) for equal capacity

rates. A 16garithm1c representation is used on this picture to achieve a better
' UA
v C
Cartesian plot of these results, incorporating more curves for different X\

illustration. To evaluate the number of transfer units, » however,. a
values, was used. For the G exchanger A is 4.8/C with C inW/°C, (9.41/C) with
C in Btu/hr°F, and for the F exchangér this value is 2.8/C (or 5.4/C), the

numerator being smaller for the F exchanger because the effective thickness

& is smaller, even with the corrugated sheet between the plates, because of

the thinner aluminum sheet used in the fabrication of'this exchanger. At the

lowest flow rates, A is 0.124 for the G exchanger and 0.09 for fhe F exchanger;

at:the highest flow rates these two values are 0.03 and 0.02, respectively.
For any effectivehess, given as é point on Fig. 2, for a giveﬁ flow rate,

X can be evaluated. Then for this n and A, interpolating if necessary on the

plot of n = f(%é » A), the Number of Transfer Units is specified. From if,

given the capacity rate and the specified transfer area, the overall co-

efficient, U, is determined. These coefficients are shown as points on Fig. 4,

2 (93 ftz) for the G exchanger and the

2

based on the p]éte area of 8.64 m

combinéd area of the plates and the corrugated sheets of 19.8 m~ (213 ft2)
for the F exchanger.

The Reynolds number §g~ , where P is the total flow perimeter, ranged

from about 350 to 1700 for the G exchanger and from about 100 to 425 for the F

-7-



exchanger., These are approximate evaluations based on the average temperature
of the air streams, they are actually slightly Tower on the hot side gnd
slightly higher on the cold side. But laminar flow is»indicated for both
streams, and the substantial dependence of fhe overall transfer coefficient on
the flow rate thét is indicated on Fig. 3 is surprising, and, as is sub-
‘sequently shown, this cannot be rationalized at the present time.

Both the B and thé'A exchanger are partly cross flow at the ends, and the

nature of this cross flow is such that the prediction of an effectiveness
c A

relation, ny = f(gﬁ-,.ﬁﬂ

H C

), would be a substantial task. Rather, complete

counterflow was assumed, éven though it did not really exist. AISO; because
of the relatively 1ow.conductiv1tquf the_p]astic which formed the transfer
surfaces, longitudinal conduction was not important in these exchangers. Under

~ these circumstances, the transfer un_its-gA , where U is the average of the

, H
overall transfer coefficient for the exchange area, were not evaluated from

" the experimental effectiveness values as shown on Fig. 2 but were evaluated

from the terminal temperatures as:
/

A . ML Tho - R | ()
CH ( Tj%m
Here (AT)zm is the logarithmic mean of the terminal temperature differences,

or, for capacity rate ratios close to unity, this is the arithmetic mean of the

terminal temperature differences. Figure 5 shows by points the values of [

obtained in this way, bésed on a transfer area of 19.2 m2 (208 ftz), the sheet

area for the B exchanger, and of 19.1 m2 (205 ftz), the total area of the

corrugated sheets, for the A exchanger.



The Reynolds number, %% , ranged from about 665 to 2800 in the-B-
exchanger. In the A exchanger the Reynolds number’Varied in the different
flow cross-sections because of the different perimetefs of the different
flow cross-sections; the high .and low values for each are given approxi-

mately in the following tabulation.

Flow Section Rectangu]ér Rhombic Triangular
Low Reynolds - 750 370 - 250
High Reynolds 3600 - 1760 1200

5. Prédictidns'of‘the Overall Heét TranSfer Coefficient

The pfedjction of the 6vefa11 heat transfgr cbefficient requirés the
speciffcations of the local heat transfér coefficients for the hot.and the
cold air streams. These local coefficients are given fn ferhs of a Nusselt
Number, which in general depends upon the Reynolds Number, the Prandtl Number,
and a distance from the position at which heat‘transfér beg1ns. This distancel
depeﬁdence is associated with the hydrodynamic and thermal deve]opmehtvih the
initial region, a domain often called the entry length. U]timate{y there is
attained an asymptotic regime'in-wh%ch the Nusselt number is essentially
constant. Entry lengths of fhis nature also occur if the éhanne] cross section
or the temperature of the channel walls change abruptly;

In the present ana]yéis, only thermal effects are considered for the
specification bf the variation of the local coefficieht in the entry length.
For the exchangers and the flow rates associated with them, the_f}éﬂs'have been
indicated to have been bffmari]y laminar, and the local heat transfér_co-‘
‘efficient for the entry Tength is épproximated by the Leveque-Lighthill
solution. - This is adopted up fo fhe position at which the heat transfer co-

efficient that it gives is equal to the separately known analytical results for
_9_



the asymptotic value of the heat transfer coefficient. For flow situations for
which an exact solution is.known, this kind of specification is precise for
small and for large distances from the point at which heating begins, and is

- only slightly low in the region near the terminatioh point of fhe Leveque- -
Lighthill solution.

The coeffiéient, as given by the Leveque-LighthT]] solution, depends on the
nature of the temperature or heét flux variation in the direction of flow. For
the cross flow exchangers the solution for a constant overall coefficient, on

,Which the effectiveness specification is based, indicates a variation of wall
temperatureé, with f]ow:direction, that varies across the span of the exchanger.
Inspection of that so1utﬁoh, howéver,>indiéates;that.the local heat f]ux tends
to be reasonably constant over the exchanger area whén the ratio of the capacity
ratio is nearly unity. Therefore, there is used -the form df the Leveque-

Lighthill solution associated with a constant value of ‘the quantity

| q/ {opcu /‘%E >.. If the hydrodynamic entrance effect is neglected, so that

the friction coefficient is constant, this corresponds to a constant heat flux.

The so]utioﬁ is then: K )

| 0.645‘(Tw - TM) S N | - (2)
173

W /5 Ve )
pLl ¥ 75 a b v 2

In this equation_(Tw - TM) is the excess of the wall over the fluid mean

temperatures. - It is to be recalled that in the derivation of Eq. 2 it was
is considered, the result, Eq. 2, is still a reasonable approximation to the

assumed that T\, was constant. While this is not true in the channe]tfldwvthat

exact solution in the regidn in which'the Tocal heat transfer éoefficient;
h = q/(Tw - TM),'1§ variable.

..10...



For constant wall temperatures; the numerical coefficient in Eq. 2
is 0.534 instead of 0.645. The-ratiovof these is ].ZO,Vand this is the
ratio between the indicated heat transfer coefficients for cqnstant'heat_
flux and for constant wa]J_temperature. ‘In the app]fcation to the cross
flow heat exchanger, the:uncertainty about the predicted-local coefficient

may be in this range.

The friction coefficient for fully developed Taminar flow is given as

uby,

c : ' ' _
(—zrﬂ 7; = N, where N is a number depending in magnitude on the channel

geometry. If this specification is introduced into Eq. 2, then this equation

takes the form:

hb, 0.6a5 ()3 o0.6a5 ()3

Ko x eV £ 1/3 . ,  .1 : (3)
D, up,| [X ] |

This local coefficient equals the known asymptotic coefficient, h_,

at the location x+ = g+, and the transfer coefficient is taken as its asymptotic

value for x+ > g*j Therefore the avérage coefficient in the length

2+, 2+ > g+,;is given as:
+
hD : hD h D
“hos A2y gyt Rt TP
Tk '2.{_ (k)dx +(k)(2 E) (4)
0
From Eq. 3

-11-



&
hD hb
_h 4t -_h +
{ 3 dx . = 1.5 ( n )€+ £
0
- hD, | . hpDy -
where (—E—) , Is the value at &, which is - Therefore:
g
hD hD‘ h
1 o +
—kﬂ=—+[1s< )a + “)(z-a)]
Q/.
or
hD h D +
h _ _=h &
- - (1+0.5 2+>
. h Dh
The values of N and of — are given by Shah and London (4) for a

v large variety of flow channels. For the G and B exchangers, the parallel plate
values were used; for the F exchanger a triangular cross section of the
dimensions 1nd1cated on F1g. 1 was chosen (a sinusoidal form hav1ng the
amp]1tude and wave]ength 1nd1cated by those d1mens1ons does not lead to very

Hd1fferent results). For the A exchanger, there were used the tr1ang]e and
rhombus approxfmat10ns, and the rectangu]ar channel approx1mat1on, made on the

basis. of the dimensions that are shown on Fig. 1. The tabu]ation that follows

. c h b
gives the values of .Re 7;-'and-¢%J1 , for the .constant heat rate case, from
hD
Ref. (4), and the value of g that is obtained from the match of —Eﬂ from Eq. 3
h_D
h

and the value of-—E~— .

-12-



Table II

o hbD
£ =h +
Re 5 K a
Parallel Plates, 6,8 12 8.23 ~0.020
Triangular, F | 6.60 3.05 0.064
~ Triangular, A - 6.65 _ 2.75 - 0.090
Rhombic, A ©7.02 13.70 0.038

Rectangular, A 9.12. 5.33 : 0.048

For the G exchanger, the cross flow para]]e],p]ate»unit, the local overall

heat transfer coefficient is:

1 dx dy

h

i
1l
To| et
—
g‘—_ﬁ
-
+
3']__, —_
+
-
Y
~~
[«
g

X
(@]

o o0~

" This compfﬁcated integration was not carried out. ' For the G-exchanger,
1h fact, the ratid, g+/z+ is always relatively small, énd over most of the-area
the local transfer coefficients equal their éSymptoticIVa1ue, h. Thus; an
approximation 1§ to evaluate the average coefficients for each side of the
exchanger from Eq. (4) and to then approximate the average overall coefficieht.

as:
-13- -



Y | - (7)
hC

<] [—

1
hy

The reSistance of the metal exchanger wall is negTigib]e compared to the other

two terms on the right side of Eq. 7. While the coefficients hH and F; differ
because of differences in the properties of the average temperature of the hot
and cold streams, the difference is not great, and it is appropriate to evaluate

both h, and h_ at the average air temperature. Then h, =~ h.» since the 'hot -

H
and the cold flow rates are almost the same. On this basis U = F/2. This
result is shown as a line on Fig. 4. There is very little variation of U with
mass flow rate because the thermal entry region (x+ < g+) is so small for this
exéhanger. |

For the F exchanger, the cross flow unit with the cbrrugated meta].insertbv
between the para11e1‘p1ates, the specification of U.depehds upon tHe effective-
ness of the fins that are produced by the corrugated insert. If.neg]igib]e
resistance is assumed for the contact between the corrugation=aﬁd the p]étes
that éeparate the streams, then ‘the magnitude of the predicted heat transfer.
- coefficients, the fin thickness, and the conductivity of this aluminum 1nSert}
are such as to make the fin effectiveness essentially equa]ito unity. Then
the entire periphery of the small ChanneT‘formed by the -corrugation ahd the
parallel walls is at essentially constant temperature,'and the effective
transfer area is defined by the channel periphery. The local overall heat
transfer coefficient is then based on this area. For the F exchanger the values
of g+/2+ are of the same order'as”they are for the G exchanger. Again the

procedure associated with Eq. 7 was used to give the result for U that is

indicated on Fig. 4.

_14_
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0

For the counterflow exchangers, exchangers B and A, there is less

ambiguity about the experimental value as deduced from Eq. 1 because for a

tru]y counterflow case the number of transfer units.is truly UA/CH. The

predicted average coefficient is:

(] + ) > - (&)
— — r
hH hc :

=l

0

For these exchangers, the resistance,_rw, 6f the plastic walls is still
far less than the value of _(-1/hH + 1/hc) and it can be neglected. Also, for
the counterflow exchanger, if the capacity rates are equa]'the temperature
difference between the two streams ‘is constént. " The capacity rate ratio was“
indeed nearly unity, but the 10¢a1'heat flux-still varies in proportion to:the
change in the‘10ca] value of the overall heat transfer cdefficient. Consider-

ing that this variation is not too great, the application of Eg. 3, and a

‘value of h_ corresponding to constant heat.rate, 1s’justifiab1e.

The value of £+/2+ for the B exchanger is so small that the coefficients
on the hot and the cold side are almost constant over the who]e'length of the
exchanger, thus the average overall coefficient is given to a good approximation

by Eq. 8. For the counterflow exchanger, the app]icafion.of Eq. 8 is also

supported by the analysis of Seban, et al. (5). Figure 5 shows by a line the

value of U predicted for the B exchanger. The thermal entry effect is so

small that the predicted.value of U is almost invariable with the flow rate.

The prediction of the'overallbtransfer coefficient for exchanger A is
complicated by the changes in flow cross section in the exchanger length. For
the hot air side this involves the change from the rectangu]ak cross section at

the inlet to thevlong rhombic section, and then the change to the rectangular
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vsection at the}outlet. For the cold afr side the rhombic section is further
changed to the triangular cross sectjon in the central part of the exéhanger.
Clearly, there is a hydrodynamic effect at each point at which the f]owl
seétion changes, and at these Tocations there is a concohitant change in the
temperature distribution across the flow cross section. In thé prediction, the
hydrodynamic effects, which are in any case unknown, were ignored, and it was
assumed that at each cross section the temperature distribution across the flow
area became completely uniform, at the local mixed mean temperature.

Equation 8 was used to éva]uafe the mean heat transfer coefficient, with
the 16ca1 heat transfer coefficients evaluated from Ed. 3 with x' measured
from the Tocation of the last change in flow cross section, and as h_ for
x+ > g+. -This calculation was only made for the Towest and for the highest

flow rate. For the highest flow rate the Dittus-Boelter equation

e (9)

was used for'the evaluation of the local coefficients in the rectangular Ccross
sections at the ends of the‘exchahgér because there the Reynolds number, as
noted in Section 4, substantially exceeded 2000. Thus no thermal entry effect
was considered for these sections. |

While on the basis of this calculation of U, there is not a linear
relation between U and the flow rate, there is shown on F1g. 5a stra1ght»11ne

that connects the two extreme values of U that were calculated.

6. An Appraisal of the Predictions

Views of Figs. 4 and 5 have already indicated that the predictions,

always made somewhat approximately but nevertheless with some care, are
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relatively far from the experimental values. Particularly when the experimental
values are lower than the predicted values, the following discussion of other |
possible effects does not indicate definitely any effects which-servé to |
rationalize this kind of discrepancy. |

For the G exchanger, the experimental ceoefficients ake close to the
predicted coefficients only at the highest flow rate, otherwise they are lower.
In this regard it can be noted that the effect of longitudinal conduétion was
most important at the lowest flow rate, and its use as specified earlier . |
produced at the lowest flow rate the experimental transfer coefficient of

2

10.3 W/m2°C (1.82 Btu/hr ft’°F) that is shown on Fig. 4. Had the effect of

conduction been neglected (A = 0), the experimental value deduced from Fig. 3

258}, The suspicion that the

would have been 7.26 W/m?°C (1.28 Btu/hr ft
.eva]uation of the effect of longitudinal conduction that is specified by
Fig. 3 might be too small led to the check of that result that was already
mehtioned. Actually, the very complicated eva]uation which-wqu]d accqunt for
-the variable coefficients in the thermal entry‘regfme would need to bé_méde to
appraise longitudinal conduction effects: under-these conditfons. For the G
exchanger, however, the entry length region-is so small that the evaluation from
Fig. 3 is probably appropriate.

| In the test of the G exchanger, its orientation was such that‘thg hot air
flow was diagonally upward and the eold air flow was diagonally downward. Forv
such a $1tuation any free convection'effects would, by theory, tend to diminish
the heat transfer coefficient.‘ But experiments by Mullin and Gerhard (6),
made for 1iduid f]ow:fh a tube under 'such conditions, but confined to the
thermal entry region, produced an opposite effect. Here it is notéd only that
a Grashof number, based on the distance between the plates, and a typica]

temperature difference of 4°C between the air and the surface is about 25, or
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180’if.Dh 1s_used as the significant dimension. At the lowest flow rate the
'Reyno1ds number, uDh/v is about 350. The ratio of the Grashof number to the
_square.of the Reynolds number is usually on the order of unity if free
convection effects are to become important; for the G exchanger this rétio is
far lower. Thus the low transfer coefficients measured with the Gvgxchanger
at all flow rates excépt the highest are unexplainable on the basis of such an
~effect. |

For the F exchanger the measured values are much 1owerrthan the predicted
values, as is evident from Fig. 4, but it must be recalled fhat the prediction
was based on zero contact resistance between the corrugated sheet and the wall.
A value of that resistance, necessary to bring predicted va]ues into better -
accord with measurement, can be deduced, but this value is not very sig-
nificant.without some standard of éomparison. It can be noted‘that if this
resistance was infinite, then the transfer wouia be only to the paral]e] plates.
Then that area alone should be used for the prediction of the experimenta].
coefficients and they would be increased by the relevant area ratio which is
- 2.68. Thevpredictéd value of the average overall coefficiént fqr this
situation can be'based, in terms of available results, only on the case in
which the two sides of the triangh]ar section formed by the cofrugationbwou1d |
be adiabatic;’ This would lower slightly the bredicted'va]ue of U from that
shown on Fig. 4 for this exchanger. An jncrease of 2.68 in the experimental
coefficient, together with but a slight change in the predicted coefficient;
would p]ace’the experimental coefficients in considerable excess of the pre-
dicted values. This does demonstrate that the corrugation provides a substantial
fin effect and that the exchanger performance might possibly be improved by
bonding the corrugated sheets to the plates to eliminate the contéct resistahce

that apparently exists there.
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For the B exchanger, for which, as noted béfore, the experimental results
are‘in somé Question, Fig. 5 indicates that there is some agreemenf between
experimental and predicted transfer coefficients_af Tow flow rates,, At higher
f]ow rates, howéver,.the expefimenta] values become substantialiy larger than
tHe predicted ones. Particularly in view of the.instab11ity of the p]astic
surfaces of this heat exchanger, there is the possibility of an éar]y tran§it10n
to turbu]ence; As an:appraisal of thé.possib]e effect of turbﬁ]ence, the
»Dittus-Boe]tus relation gives a Nusselt number of 12 for a Reynolds number of.
2000, butvthis is scarcely greater.than the laminar f1ow Nusselt number of
8.23 .for the paré]]e] plate case as contained in Table II, so that on the
assumption of turbulent flow at the highest flow rate the predictidn of U
would be increased from 2.7 to 3.9 W/mZC. ‘The experimental value is 5,7 W/mZC.
Reynolds, et al. (7) have noted thaf the Dittus-Boelter equation apparently’
holds to a Reynolds Number as Tow as 3000 in pipe fiow, and that this is |
predictab]é’from a modified form of the Reichardt mixing length expression,
actually originally derived from measurements in a channel of large aspect
ratio. For the pipe, for whichvthh/k is 4.35, the assumption of_turbu]ent
flow at Tow Reynolds numbers theréfore produces a more substantial increase in
the heat transfer coefficient. | o

It can be noted in this respect that a prediction, made on the basis of
the modified mixing length distribution, was actually made numerically for the
parallel plate case,-to‘a-Reyn61ds number as low as 2400. The result was not'
much different than what would be %ndicated by the usé of the Dittus-Boelter
equation to Reyno]ds number as low as this, and the results therefore did
not rationalize the discrepancy between the'bredicted'and.thé expérimental

values of U for the B exchanger.
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Bésant, et al. (2) quoted results for an'exchAnger similar to the B
exchangér, eXcept that'the spacing between the parallel plastic éheéts was
1.27 cm-instead of thé 1.91 cm of the B exchanger. As with the B exchanger,
the hot air flowed downward whi]e being cooled and the Co]d air flowed upward
while being heated. With these conditions free convection effects are eXpeéted
to augment the heat transfer. Besant, et al. indicated such'an effect, and they _
specified their results for the overall heat transfer_coefficieht by the
reiation |

2UD

4 Gr 2
K (

oy ~(0)

= 3.6 + 3.4 x10 >
Re

Here*D is the distance between the plastic sheets and this dimension
was used in evaluating the'Grashof number. The basis of the evaluation of the
Reynolds number is not clear. If the plate spécing is used for D everywhere
in-Eq. 10 then the overall coefficients predicted from Eq. 10 exceed by far
the experimental values for the B exchanger that are shown -on Fig. 5. The
only present connection that is associated with Eq. 10 is its indication that
the overall coefficients rise very substantially at Tow flow rates. This is
completely opposite to the trend of the experimental coefficients that is shown
on Fig. 5. | |

For the A exchanger, as for the B exchanger, Fig. 5 shows some corres-
Vpondence between predicted and experimenta] ya]des of U only at the 16west flow
rates. At about thé average of the highest and Towest flow rates, and above,
the experimental coefficients are substantially higher than the pfedicted
values. As with the B exchanger, there is the indication of an early transition
to turbulence and, for the A exchanger, for which the values of h _D/k in the

central core region are relatively lTow, a substantial increase in the co-
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efficient might be expected. As an example, for the highest flow rate, it
has been indicated that the Reynolds numbers are about 1730 in thé rhombic
sections. If the flow in these rhombic sections is assuméd to -be turbulent,
and the local transfer coefficients are obtained from Eq. 9, then the value of
U that is calculated from Eq. 8 is 9.3 w/m2041nstead of the value of -

6.55 W/mZC as indicated on Fig. 5. But this prediction is still less than the
.'experimenta1 value of 13.1 W/mZC, though the trend is acceptable.

In all of the foregoing considerations, it was assumed that the air flows
were uniformly distributed amongst the flow channels on both the hot and the
cold sides of the exchangers. Some considerations as to the possible effect
of non-uniformity‘in the flow distribution were made, but without any positive
conclusion. As a limiting condition, however, it can be noted that for laminar
flow conditions in which the thermal entry length is not too éignificant, say
as in Exchanger B, the heat transfer coefficient is independent of the flow
rate, and under these conditions the pfedicted value of the bverall coefficient

would be relatively independent of the flow distribution.
7. Conclusions

This comparison of experimental and predjctedvovéka11 heat transfer co-
efficients fdr four heat exchangers shows that the predictions, made essentially
for laminar flow because the Reynolds nﬁmberé were generally beTow 2000, are
‘but marginally capable of predicting the experimental results. The comparisons
indicate a need for: (1) additional heat transfer information on flows with low
Reynolds numbers which may be turbulent, and (2) for a further investigatidn on:
the effect of the thermal entry length on the prédiction of the effectiveness
for cross flow heat\exchangers, both with and without longitudinal conduction,
and (3) further investigation on the effect of free convection under cir-

cumstances in which that might be expected to diminish the heat transfer co-

efficient. ' | -21-



Until more accurate and complete models are developed for the prediction
of the heat transfer coefficient, experiments on the actual exchangers are
required to establish the performance of the types of exchangérs considered

here, and the true values of the local heat transfer coefficients must be

inferred from this performance.
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TABLE 1

HEAT EXCHANGER CORE DIMENSIONS

Geﬁvex Flakt
G F B
Core Height 16.8 32.2 138.4
Width cm 47.6 30.5 51.5
Length cm 47.6 30.5 198.0
Channel Height cm 0.37 0.37 1.91
Width cm : 47.6 30.5 51.5
Hyd. Dia., Dh cn 0.74 .29 3.82
see Fig, 1
Wall thickness cm .06 .0075 .015
Number of Chahne]s , :
Hot 19 42 10
Cold 20 . 43 10
Transfer Area (m2) 8.64: - 7.8 . 19,3
Hot to cold interface + 12.0 (corrug)
19.8

(Besant)

Aldes

140.0
41.2
24.1

See Fig. 1

-Fig. 1

32 x 13
32 x 12 -

(cenfra])
(triangular
ends)

17.3
+ 1.7

19.0



.0075 ¢m thick

[

EXCHANGER F

- dimensions in ¢

dimensions in cm

4
09‘5 1
| 4.7

Sheet thickness
0l8 cm

EXCHANGER A L
7 — Sheets a-a in central 68 cm
of core, sheets a-a are

.022 cm thick

Figure 1. Details of Channels, Flakt, and Aldes Exchangers.
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