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Abstract

This experiment consists on taking measurementa fxcheat exchanger while varying
the direction of the flow of the hot and cold flsid Heat exchangers makes possible the use of
machinery and processes that otherwise would gena much heat to operate. The goals for
this laboratory include determining the amount eathdissipated to the surroundings, the overall
efficiency, the temperature efficiency for the ot cold fluids, overall heat transfer coefficient,

the theoretical overall heat transfer coefficient.

The experimental setup consists of a compact hefia@ger in counter and parallel flow
that interchanges thermal energy between hot aidl feads. Data is collected from four
thermocouples, two at the cold and hot inlets, &nd at the cold and hot outlets. Six
measurements of temperature are obtained fromafable thermocouples. The volumetric flow

is also measured for both hot and cold fluids.

It was found that the counter flow configuratiorhbeed more closely to the theoretical
value, having a maximum error of 44.1%, The maxinmarnor for the parallel configuration was
58.6%, Both errors were not in range of the waoaty + 1,298 W/m2*K compared to a
theoretical values. Tubing during the experim&as not isolated and contributed to errors in

both counter and parallel flows.
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Symbol List and Abbreviations

Table 1 Symbol Table

Symbols: Meaning

Con Specific heat for hot fluid

D Effective Diameter

hy, Enthalpy for hot outlet fluid

h., Enthalpy for cold outlet fluid

my Mass flow rate for hot fluid

Nup Nussel Number

Q Heat power

Thi Temperature for hot inlet water

Tho Temperature for hot outlet water

U Overall heat transfer coefficient

U, Total Uncertainty

Ne Efficiency in terms of cold fluid

p Density

v Kinematic Viscosity
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Introduction

Heat exchangers are devices that are designdidwaheat transfer between two fluids.
Most of the times, the exchange of thermal enempurs between two fluids. These types of
devices are used in many applications such asgeeétion, cooling engine systems and air
conditioning. In order to create the adequate igardtion, various parameters are taken into
account, such as the fluid properties, the pipepsand the direction of the fluid. If the flow is
directed in the opposite direction, it is calledioter flow. In contrast, if the flow follows the

same direction of both cold and heat fluids, thies called a parallel flow.

A plate heat exchanger or compact heat exchangenastype of heat transfer device
commonly used. It consists of various plates sdane behind the other. These plates are the
path through which heat will be transferred frore thot fluid to the cold fluid. A particular
advantage for this configuration is the compactreégshie device. It is useful for places where

there is a need for a heat exchanger that has simaland the pressures are low to medium.

Heat exchangers are theoretically governed byaws bf thermodynamics. These laws
provide the energy balance equation for this systerhe efficiency can also be determined

using various equations that relate the tempersture

_ Th,inlet - Th,outlet

Nh

Th,inlet - Tc,inlet



Experimental Setup

This experiment consisted in applying a countet arparallel flow to a compact heat
exchanger (see Figure 1). The first setup corsistesetting up a counter flow in the heat
exchanger. Figure 2 shows the schematic for tlhuateo flow setup. Four thermocouples are
connected, two to the pipe inlets and two to thdebwpipes. A pump will drive the water
through a heater which will increase the waterspenature in a closed loop. The cold water will
be provided externally at room temperature. Twiiwtric flow meters will measure the speed
of volume running through each circuit of fluidix $¥alues were obtained from each of the four
thermocouples.

The same procedure was applied in the secondeapt that the fluid was connected
in a parallel way. Six measurements of temperatueee registered for each thermocouple

connected to the system.

Figure 1 - Plate Heat Exchanger
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Figure 2 - Design schematic for compact heat exchger



Experimental Data

Table 2 - Counter flow volumetric and temperature dta at inlet and outlet for hot and cold fluid.

Run Flow L/min T T.0 Thi Tho m’/s

Fhot 2.33 3.88E-05
1 299.6 313.1 325 315

Fcold 1.53 2.55E-05

Fhot 2.33 3.88E-05
2 299.6 313 325 315

Fcold 1.53 2.55E-05

Fhot 2.33 3.88E-05
3 299.6 313.2 325 315

Fcold 1.53 2.55E-05

Fhot 2.33 3.88E-05
4 299.6 313 325 315

Fcold 1.53 2.55E-05

Fhot 2.33 3.88E-05
5 299.6 313.2 325 315

Fcold 1.53 2.55E-05

Fhot 2.33 3.88E-05
6 299.6 313.1 324 315

Fcold 1.53 2.55E-05

Table 3 - Parallel flow volumetric and temperaturedata at inlet and outlet for hot and cold fluid.

Run Flow L/min T T.o T.0 Ty m3/s

Fhot 2.36 3.93E-05
1 299.8 312.2 317 325

Fcold 1.54 2.57E-05

Fhot 2.36 3.93E-05
2 299.8 312.2 317 325

Fcold 1.54 2.57E-05

Fhot 2.36 3.93E-05
3 299.8 312.2 316 325

Fcold 1.54 2.57E-05

Fhot 2.36 3.93E-05
4 299.8 312.2 317 325

Fcold 1.54 2.57E-05

Fhot 2.36 3.93E-05
5 299.8 312.2 317 325

Fcold 1.54 2.57E-05

Fhot 2.36 3.93E-05
6 299.8 312.3 317 325

Fcold 1.54 2.57E-05




Analysis and Results:

Important parameters that need to be defined ascthe total area (At). This value is

taken from the projected heat transmission are@8om
At = 0.008(Number of Active Plates)(Number of sides per plate) = 0.008(5)(2)
=.08m?

The temperatures used to determine the propefftigm dluids where taken by averaging
the inlet and outlet temperature of the cold arel ot stream for all the data sets. These
temperatures were also used to tabulate all ther gbinoperties needed for the following
calculations. The Table 4 below shows the valuderdened by interpolating in the tables of
thermodynamic properties of water found on (IncrapeDewitt, & D.P, 6th Edition) and

(Taylor, 1999).
Table 4 - Thermophysical properties for water, hot(320K) and cold (306K)

Density Kg/m®
Phot 990
Pcold 995
Specific Heat J/kg*K
Cp 4180
Cpe 4178
Prantl -
P 3.77
Pre 5.08
Dynamic Viscosity | N*s/m?
Hn 0.000577
[T 0.000754
Thermal Conductivity | W/m*K
Kh 0.64
Ke 0.622

The mass flow rate for the streams is calculatethbliplying the density by the volume
flow rate. This value of the mass flow rate is useddetermine the heat of the fluid. The
example is provided below for hot water. Same nekthias used for cold water.

1y, = pr(Qp) = 990x 3.88E — 05 = 3.89E — 02 (kg/s)



The Table 5 below shows the tabulated data fonthss flow rates. The values in red are

for the hot stream and the values in blue arelfercold stream.

Table 5 — Tabulated values for the mass flow rates

Counter Flow Parallel Flow
Run Vol. Flow (n/s) (kg/s) Vol. Flow (m?/s) mdot (kg/s)
3.93E-05 3.89E-02 3.93E-05 3.89E-02
1 2.57E-05 2.55E-02 2.57E-05 2.55E-02
3.93E-05 3.89E-02 3.93E-05 3.89E-02
2 2.57E-05 2.55E-02 2.57E-05 2.55E-02
3.93E-05 3.89E-02 3.93E-05 3.89E-02
3 2.57E-05 2.55E-02 2.57E-05 2.55E-02
3.93E-05 3.89E-02 3.93E-05 3.89E-02
4 2.57E-05 2.55E-02 2.57E-05 2.55E-02
3.93E-05 3.89E-02 3.93E-05 3.89E-02
5 2.57E-05 2.55E-02 2.57E-05 2.55E-02
3.93E-05 3.89E-02 3.93E-05 3.89E-02
6 2.57E-05 2.55E-02 2.57E-05 2.55E-02

The amount of heat carried by each water streacal@ulated using the formula below. The
tabulated values are given in Table 6. One examsgleovided for demonstration purposes.
Qn = My Cpn(Thi — Tho) = 3.89E — 02 » 4180 = (52.2 — 43.5) = 1323Watts

Table 6 - Tabulated values for the heat carried bgach stream

Counter Flow Parallel Flow
Run
Q from Fluid (W) | Q from Fluid (W)
1478.44 -1323
1 -1431.09 1416
149451 -1323
2 -1420.48 1432
1494.51 -1323
3 -1441.69 1432
1494.51 -1323
4 -1420.48 1384
1510.58 -1323
5 -1441.69 1432
1478.44 -1334
6 -1431.09 1400




The next steps involve calculating the heat logganed by the fluids, the percentages of
these quantities and their respective efficiencié® equations below where used to tabulate the
values in Table 7.

Heat lost or gained:

Q =10, — |0, = 1478.4 —1431.0 = 47 W

Percentage of losses or gains:

1431.0
_led oo

P = = 100 = 96.89
0.1 1478.4" %
Hot Efficiency:
Th inlet — Th outlet 325 —-315
N = == . x100 = x100 = 36.9%
"7 Thimter — Teintet (325 —299.6)
Cold Efficiency:
Tc outlet — Tc inlet 313.1 — 299.6
Ne =75 . x100 = x100 = 54.2%
¢ Th,inlet - Tc,inlet 325 —-299.6

Mean Temperature Efficiency:
M +1n. 369+ 54.2

Table 7 - Efficiencies and other parameters

x100 = 45.6%

Cross Flow Parallel Flow

R

U | Heat Lostor| Lossesor| Eff n| Mean Temp| Heat Lostor | Lossesor | Eff n T;\::ea:ff

n | Gained (W) | Gains (%)| (%) | Effnm (%) | Gained (W) | Gains (%) | (%) | (‘?,/)
36.9 34.3

1 47.4 96.8 45.6 93 93.4 41.5
54.2 48.8
37.3 34.5

2 74 95 538 45.6 109.3 92.4 1.6 41.6
37.3 34.6

3 52.8 96.5 46 109.3 92.4 41.7
54.6 48.8
37.3 33.7

4 74 95 538 45.6 60.5 95.6 29.2 41.5
7. .

5 68.9 95.4 37.5 45.8 109.3 92.4 34.5 41.6
54.2 48.6
37.1 34

6 47.4 96.8 45.8 66.1 95.3 41.7
54.4 49.4




After these parameters are calculated the logarithiic mean temperature difference (LMTD) is tabulated.The behavior of
these type of systems depends completely on the ¢ypf flow. For a counter flow heat exchanger the LMD is almost
constant, for the case of parallel flow this diffeence is reduced until both streams achieve an egbitium temperature.
The

Table 8 below shows the values tabulated in ordefetermine the LMTD. In addition
some important variables are defined.
ATy = Ty — T,y = 325 — 299.6 = 24.9
AT, = T — Tsp = 315 —313.1 = 2.2

AT, — AT, _ 249 —2.2
CorrectionFactor = ——————0.95 = 8.9

ATymrp = —F—~ 24.9
In (ATl/ATZ) tn(Z7)

Table 8 - LMTD values for the hot and cold stream

. Counter Flow Parallel Flow
AT1 | AT2 | LMTD (K) Corrected LMTDF (K) | AT1 | AT2 | LMTD (K) [ Corrected LMTDF (K)
1 249| 2.2 9.4 8.9 2541 43 11.88 11.286
2 249 2.2 9.4 8.9 2551 43 11.91 11.314
3 [249| 2 9.1 8.6 2541 4.2 11.78 11.191
4 [249( 2.2 9.4 8.9 25.2 | 43 11.82 11.229
5 [ 251 21 9.3 8.8 2551 43 11.91 11.314
6 |24.8| 2.1 9.2 8.7 2531 4.2 11.75 11.163

Finally the overall heat transfer coefficient camdalculated from the experimental values. The

Table 9 in next page shows the values tabulatethéoheat transfer coefficient.

7



Q w 47 4 w
U= [ ] _ = 4159
AATyrp Im2K1 ™ 0.08 + 8.9 m2K
Table 9 - Experimental overall heat transfer coefftient
RUN Counter Flow Parallel
U (W/m2*K) U (W/m2*K)
1 4159 2931
2 4204 2923
3 4331 2956
4 4204 2946
5 4288 2923
6 4232 2987

The analytical calculations where done by detemgjrthe convection factor for the hot stream

and the cold stream. In order to do this the nunab&eynolds must be determined. The

Table 10 shows the values tabulated for the Regnulanber

_ Q(p)(dy) _ 3.89 E — 02x990x0.003
~ Au 0.008%0.000577

Re =1790



Table 10 - Values in the red show the hot stream Reold's and values in blue show the cold stream Rawpld's for
Counter Flow

Run | Reynolds
1 1790
5 1792
3 1789
4 1787
5 1792
6 1789

The Chilton-Colburn correlation has determines tbatthe current Reynolds values the
Nusselt to be used is 4.36. With this value, passible to solve for the convection heat transfer
for both of the streams. The Table 11 shows theesponding values for each stream, as above

these values are color coded.

L (k)Nuy 64 4.36 15100 ( w )
= = . ¥ —
d 0.003 m?2 x k
Table 11 - Convection heat transfer for each streanm Counterflow
Conv. Coeff. h
S (W/m?+k)

1 15100

2 15100

3 15100

4 15100

5 15100

5 15100




The analytical overall heat transfer coefficienttlie determined from the following
equation.
1 1

U = =
1, .1, 1 1
/ny t /e /15100 T /14675

Finally the analytical values are tabulated in [€al. The percentage of error between these

= 7442

values can be seen also from the Table 12.

Table 12 - Percentage error between calculationBoth parallel and counter flows are shown.

Experimental| Analytical Experimental | Analytical
Run U (W/m2*K) (W/r;Jz*K) %Error U (W/m2*K) (W/r;Jz*K) %Error
1 3137 7442 58 4159 7442 44
2 3165 7442 o7 4204 7442 44
3 3200 7442 57 4331 7442 42
4 3080 7442 59 4204 7442 44
5 3165 7442 57 4288 7442 42
6 3135 7442 58 4232 7442 43

Uncertainty analysis:

The overall heat coefficient (U) is given by;

U Qn _ mx*Cp AT
 Ax AT 4 (AT1—AT2)
o AT

n &7

All but AT, AT, andAT, are assumed to be accurate. Thus the first stepdalculate
temperature uncertainty. To calculate the instrumartertainty of the temperature, the zero
order uncertainty o) and instrument component errdd;] must be computed. For a 95%
confidence leveloe =% % resolution = 0.05 °C. To estimate the datattsc the standard

10



deviation was calculated for each temperature rseéttlae highest value is used. From Table 13,
Upe=20.117 °C. The total instrument uncertainty/is= Uy, + Ugez = 0.167°C

Table 13 Standard deviation of temperature measureant

Standard Deviation (°C)

Tci TCO Thl ThO
Counter Flow 0.000 0.089 0.098 0.052
Parallel Flow 0.000 0.041 0.041 0.117

Thus the precision error i)y = Upeq + Upez = 0.05 + 0.117 = +0.16°C. The instrument
component error is taken from the web page (Theomple Technical Information) and is

U, = +1.5°C. Thus the total stage uncertainty is;

Uy = |Up?+ Us? =+/0.1672 + 1.52 = 1.509 °C

BecauseAT, AT1 andAT2 are the difference between temperatures, thertaiaty for
each of the factors is the sum of each of the uaicey thus for the first measurement the factors
are;

AT = (325.2 # 1.509) — (316.5 + 1.509) = 8.7 + 3.08
AT1 =254+ 3.08
AT2 = 4.27 + 3.08

Next the sensitivity indexes are calculated ushgKline-McClintock second power
relation. All computations are done using the fast of data for the parallel flow run. Because
the complex nature of the function of U, the sewvisytindexes were computed numerically
using MathCad.

ou = 342.47
AT ~ 7
m = 248.91

And thus uncertainty is given by;

U, = /(34247 x 3.08)2 + (75.16 * 3.08)% + (248.91 * 3.08)2 = + 1,298

11



The following figures were also produced as parthef requirements for the laboratory.

The figure 3 corresponds to counter flow heat gain:

Heat Gained or Lost Vs Data Point
Counter Flow

2

£ 80.0 P S o

© 600 °

3 400 * *

g 200

[=]

;.; 0.0 T T T T T T 1

©

T 0 1 2 3 4 5 6 7
Data Point

Figure 3 — Heat exchange vs. Data set for countdpiv

For heat gain and loss in parallel flow figure 4svmaade.

Heat Loss and Heat Gain Parallel Flow
_ 120
E 100 L 2 L 2 L 2
% L 2
9 80
8 60 . *
5
g 40
® 20
T

0

0 1 2 3 4 5 6 7
Data Points

Figure 4 - Heat exchange vs. Data set for paralléibw
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These following figures are comparisons betweemljfghrand counter flow mean temperature
(figure 6) and LMTD method (Figure 5).

LMTD Vs Data Point Counter Flow
11.500
[ | [ | [ |
11.000 _ = -
10.500
£ 10.000
e
E 9.500 —4— Counter flow
9.000
¢ ¢ L 2 S * —fi—Parallel
8.500 *
8.000
0 1 2 3 4 5 6 7
Data Point

Figure 5 - LMTD vs. data set comparison between patlel and counter flows

Mean Temp. Eff Vs Data Point Counter Flow
4
g 46 ‘_‘/‘\_"‘_.
g
§ 45
£ 44
é" 43 —&—Counter flow
'; 42 .__.__—.\.___.._—. == Parallel
g 4
=3

40
0 1 2 3 4 5 6 7
Data Point

Figure 6 - Mean temperature efficiency vs. data setomparison between parallel and counter flows
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Discussion

Through the analysis of the data obtained throughloe: experiment for a plate heat
exchanger, the properties of said exchanger coeldobserved under the different flow
conditions. Data was obtained for the plate h&aeha&nger in two configurations: parallel flow
and counter flow. The first observation made whearpreting the temperature data was that
although in parallel flow there was slightly largemperature difference at the exits of the heat
exchanger, the counter flow configuration was fotmtle more efficient. This can be attributed
to the fact that, while in the parallel configucatj the heat exchanger lost more heat to the
environment, as seen rror! Reference source not found.

After calculating the mean temperature efficierlog, mean temperature difference, and
the overall heat exchanger efficiency the experalesverall heat transfer coefficient {g was
calculated for both configurations. This value wasnpared to the theoretical overall heat
transfer coefficient obtained for the system. gsihis comparison it was determined that the
counter flow configuration behaved more closelythe theoretical value, having a maximum
error of 44.1%. This error was not in range of timeertainty analysis with the experimental
value being 4158 1,298 W/m2*K compared to a theoretical value of 7442 @K The
maximum error for the parallel configuration was@8, this was also not within the range of
uncertainty determined, being 338Q2,298 W/m2*K. The increase in error in the parallel
configuration, as mentioned before, can be atteithid the configuration losing more heat to the

environment than the counter flow configuration.

Finally, when analyzing the heat exchanger it ipamant to consider the factors that
may have contributed to the error obtained in @& énalysis. Many of these factors were taken
into consideration when performing the uncertaiatyalysis such as the tolerances of the
equipment used. Another factor that could havetrimrted to an increase in error are the
friction losses within the water tubes that occfierathe flow rate is measured. Finally the
conditions within the plate heat exchanger aradiiff to ascertain and could have effects on its

efficiency.
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Conclusion

In this experiment we observed the propertiestatthviors of heat exchangers. In our
case we studied a plate heat exchanger in a daflale configuration and a counter flow
configuration. Using thermocouples at the entrarmed exit flows of the heat exchanger we
were able to determine how a plate heat exchangeaved with both flow configurations.
When the overall heat transfer coefficients forbibdw configurations were compared to values
obtained theoretically, it was determined thatdbenter flow system was more efficient.

The errors between the experimental and theotettedues were calculated and
compared with the tolerances obtained in the uardyt analysis. The errors were found to be
just within the acceptable values given by the uaggty analysis. In the future, in order to
reduce the error, it is recommended that the pglate exchanger have a layer of insulation to
reduce heat losses to the environment. It maylasbeneficial to move the flow meters closer

to the entrances of the heat exchanger if posdibleduce the effect of friction loss on the flow.

15
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