Cross Flow Exchanger

Objectives:

To determine the convection heat transfer coefficient and to investigate for the variation of Nusselt and Reynolds numbers with air flow past cylindrical tubes.

Apparatus:

The apparatus consists of a Perspex working section through which air is drawn by a centrifugal fan. Perspex rods are inserted into the working section with their axes at right angles to the direction of flow, thus simulating a typical cross flow heat exchanger of the type used in many branches of engineering.
One of the spaces provided in the working section for the rods is occupied by an element consisting of a pure copper rod approximately 10 cm in length carried between two extension rods of fabric-based plastic compound. Arrangements are made for heating this copper element in isolation from the working section, replacing it in the section and then recording its rate of cooling as indicated by a thermocouple embedded at its center. A semi- logarithmic plot of rate of cooling together with knowledge of the thermal capacity and surface area of the copper then permits a direct calculation of the heat transfer coefficient between the copper element and the air flowing past it.
Withdrawing it from the working section and placing it in a cylindrical electric heater heat the element. The heater is supplied with current at a low voltage from a rectifier and raises the temperature of the element to a maximum of about 80 oC. A potentiometer records the temperature difference between the hot junction embedded in the element and a cold junction in the air stream at the inlet to the working section. The initial temperature of the air is indicated by mercury - in - glass thermometer at the air inlet.
The apparatus includes a centrifugal fan driven by a 1 hp electric motor and having its inlet connected to the working section. Air enters the apparatus by way of a bell mouth. After the working section a transition piece leads to the fan inlet and carries a honeycomb flow straighter intended to prevent the transmission of swirl from the fan back into the working section. The fan discharges to a graduated throttle valve by means of which the air velocity through the apparatus may be regulated.
To permit exploration of the flow pattern up stream of the tube bank a total head tube is provided, and this may be traversed in a direction perpendicular both to the air flow and the axes of the element. Five traversing stations are provided at 2.5cm centers, permitting a complete survey of the cross section. In addition, a traversing position is provided downstream of the tube bank, permitting investigation of the flow pattern in the wake.
Associated static tapping are provided so that the velocity head may be recorded by means of the manometer. The velocity distribution upstream of the tube bank is sensibly constant and may be established by a single measurement of the static wall pressure downstream of the bell mouth. When all the tube elements are in position, the static pressure drop across the four tube banks is about four times the velocity head, and once the relation between velocity head and pressure drop has been established it is preferable to observe the pressure drop rather than the velocity head as an indication of the air velocity past the tube bank.
The thermocouples in the element and at the air inlet are of copper and constantan according to British Standards. Within the range 0 - 50 °C temperature difference, the temperature characteristic of the thermocouples is approximately linear and: 

1 °C = 0.041 mV

The apparatus is mounted on a tubular steel bench carried on castors and an integral cabinet carries an isolator, starter, rectifier and control switch for the element heater.

Nominal dimensions:

Width of working section
               12.5 cm
Height of working section
               12.5 cm
Diameter of elements
               1.25 cm
Transverse pitch of elements
  2.50 cm
Longitudinal pitch of elements
1 .875 cm
Theory:

It is assumed that the whole of the heat lost from the cylindrical copper element is transferred to the air flowing past it. It is further assumed that temperature gradients within the element are negligible, so that the thermocouple embedded at the center gives a true indication of the effective surface temperature.
A certain amount of heat is conducted from the element into the plastic extension pieces. The extent of this effect has been determined by making comparative tests using copper elements of identical diameter but varying length. From these tests the equivalent additional surface area represented by the plastic extensions has been calculated and is allowed for by making an addition to the true length of the element to give an effective length that is used in the calculations. This correction amounts to 8.4mm. Where: -

L1 = L + 0.0084

From the definition of the heat transfer coefficient, the rate of transmission of heat from element to air is given by:-

q = h A1 (T – TA)
(1)

In a period of time (dt) the fall in temperature (dT) is given by:-

– q dt = m C dT 
(2)

Combining equation (1) and (2) and eliminating q:-

– dT/ (T – TA) = (h A1 / m C) dt
(3)

Integrating:-

loge (T – TA) – loge (To – TA) = – h A1 t / m C
(4)

Where To is the element temperature at t = 0.
This equation suggests that a plot of loge (T – TA) against (t) should yield a straight line of slope        (– h A1 / m C) and, since the other factors in this expression are known, the heat transfer coefficient (h) may be calculated.
In practice it is more convenient to plot log10 (T – TA) against (t). Then since loge N=2.3036 log10 N, the heat transfer coefficient is related to the slope M of this line by the expression:-

h = –2.3026 (m C / A1) M
(5)

In order to establish the effective velocity of the air passing the element it is necessary to calculate the velocity upstream from the velocity head upstream.
The velocity V1 developed by a gas of density ( expanding freely from rest under the influence P, when P is sufficiently small (as in the present case) for compressibility to be neglected is given by :-
( V12 = 2P
(6)

The velocity head H1 is measured in centimeters of water and since:-

1 cm H2O = 98.1 N/m2
Equation (6) becomes:-

( V12 / 2 = 98.1 H1
(6a)

The density of air under pressure PA and at temperature TA is given by:-

( = PA / R TA
(7)

Where the gas constant R = 287 m2/s2.K. Combining equations (6a) and (7):-

V1 = 237.3 
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y = - 0.008563*x + 1.884
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(8)

It is usual when calculating the effective velocity through a bank of tubes to base this on the m flow area. When all the tubes are present this minimum area occurs in a transverse plane including a row of 5 tubes. Since the tubes have a diameter of 1.25 cm, and the width of the working section is 12.5 cm, the effective area is one half that of the working section, end we may write for this case:-

V = 2V1
(9a)

When a single element is being studied in isolation, the minimum flow area is 9/10 of the full working section area, and we may write:-
V = (10.0/9.0) V1
(9b)

Equation (8) may also be used for calculating local velocities downstream of the element by substituting H2 for H1.
Procedure:

The experimental technique has for its purpose the production of cooling curves for the element under various flow conditions. The apparatus should be set up with the heated element in any desired position. The manometer should be connected to the total head tube, which should be located in the center upstream position with the tube itself on the horizontal centerline of the working section and facing upstream. The other leg of the manometer should be connected to the static tapping at the upstream end of the working section. As the throttle valve closed start the fan and gradually open the throttle to give the desired flow rate.
It will be found that the velocity head upstream of the working section is in fact equal to the pressure drop between atmosphere and the upstream static pressure tapping. Once this has been established the depression at the static tapping may be employed as a measure of H1.
Readings of air inlet temperature and total head tube should be recorded. The element heater switched on and the element is then removed from the working section and inserted in the heater. When the temperature of the element reaches 60 °C – 70 °C, corresponding to a thermocouple voltage of about         2.4 mV, replace the element in the working section. Now set the potentiometer to a reading rather lower than that corresponding to the temperature of the element, observe the galvanometer needle and start a stop watch when the needle passes through the zero position.
Reset the potentiometer to a lower value and observe the stop watch reading when the galvanometer needle again passes the zero mark. Repeat this operation for a series of diminishing potentiometer settings; the resulting information enables a cooling curve to be plotted.
It will be found instructive to plot cooling curves for a range of different air velocities and also with the element in each of the four banks of the heat exchanger and in isolation.
As a preliminary experiment when using the full tube banks, it is useful to determine the relation between upstream velocity head and pressure drop across the tube bank. The latter pressure drop may then be used as a more accurate measure of flow velocity. As a further test, the velocity distribution upstream of the working section, and also at various positions in the wake, may be explored by means of the total head tube.

Data and Results: -

The following dimensions are applied to the apparatus;

d  = 0.01242 m
L  = 0.0951 m
L1 = L + 0.0084 = 0.1035 m
A  = ( d L =0.00371 m2
A1 = ( d L1 = 0.00404 m2
m = 0.1093 kg

Cp = 380 J/kg.oC

h = -2.3026 (m Cp / A1) M = -23600 M 

μ=180.6*10-7 

k Air = 25.6*10-3 W/(m.K)

	Throttle 100%
	h = 18.5 mm H2O
	TA = 17 oC

	Time (sec)
	Temperature oC
	(T-TA)
	Log10 (T-TA)

	0
	80
	63
	 1.7993

	5
	71
	54
	    1.7324

	10
	66
	49
	    1.6902

	15
	61
	44
	    1.6435

	20
	56
	39
	    1.5911

	25
	52
	35
	    1.5441

	30
	49
	32
	    1.5051

	35
	46
	29
	    1.4624

	40
	42
	25
	    1.3979

	45
	40
	23
	    1.3617

	50
	37
	20
	    1.3010

	60
	35
	18
	    1.2553

	70
	31
	14
	    1.1461

	80
	28
	11
	    1.0414

	90
	26
	9
	    0.9542

	100
	24
	7
	    0.8451

	110
	22
	5
	    0.6990

	120
	21
	4
	    0.6021

	130
	20
	3
	    0.4771

	140
	19
	2
	    0.3010

	150
	19
	2
	    0.3010

	160
	18
	1
	         0

	170
	18
	1
	         0

	180
	17
	0
	      -Inf

	190
	17
	0
	      -Inf

	200
	17
	0
	      -Inf
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From the above graph, we can see from the best fit equation that the slope is -0.0112
This slope is related to the heat transfer coefficient and is derived in the previous pages.
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	Throttle 70%
	h = 11.5 mm H2O
	TA = 17 oC

	Time (sec)
	Temperature oC
	(T-TA)
	Log10 (T-TA)

	0
	80
	63
	1.7993

	5
	78
	61
	1.7853

	10
	75
	58
	1.7634

	15
	71
	54
	1.7324

	20
	67
	50
	1.6990

	25
	63
	46
	1.6628

	30
	59
	42
	1.6232

	35
	56
	39
	1.5911

	40
	53
	36
	1.5563

	45
	50
	33
	1.5185

	50
	47
	30
	1.4771

	55
	44
	27
	1.4314

	60
	42
	25
	1.3979

	70
	37
	20
	1.3010

	80
	34
	17
	1.2304

	90
	33
	16
	1.2041

	100
	29
	12
	1.0792

	110
	26
	9
	0.9542

	120
	25
	8
	0.9031

	130
	23
	6
	0.7782

	140
	22
	5
	0.6990

	150
	21
	4
	0.6021

	160
	20
	3
	0.4771

	170
	20
	3
	0.4771

	180
	19
	2
	0.3010

	190
	19
	2
	0.3010

	200
	18
	1
	0
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From the above graph, we can see from the best fit equation that the slope is -0.00856.

This slope is related to the heat transfer coefficient and is derived in the previous pages.
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	Throttle 30%
	h = 3.0 mm H2O
	TA = 17 oC

	Time (sec)
	Temperature oC
	(T-TA)
	Log10 (T-TA)

	0
	80
	63
	1.7993

	5
	79
	62
	1.7924

	10
	78
	61
	1.7853

	15
	76
	59
	1.7709

	20
	74
	57
	1.7559

	25
	71
	54
	1.7324

	30
	69
	52
	1.7160

	35
	66
	49
	1.6902

	40
	64
	47
	1.6721

	45
	61
	44
	1.6435

	50
	59
	42
	1.6232

	60
	57
	40
	1.6021

	70
	55
	38
	1.5798

	80
	51
	34
	1.5315

	90
	48
	31
	1.4914

	100
	45
	28
	1.4472

	110
	41
	24
	1.3802

	120
	39
	22
	1.3424

	130
	37
	20
	1.3010

	140
	35
	18
	1.2553

	150
	33
	16
	1.2041

	160
	29
	12
	1.0792

	170
	28
	11
	1.0414

	180
	27
	10
	1.0000

	190
	26
	9
	0.9542

	200
	25
	8
	0.9031
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From the above graph, we can see from the best fit equation that the slope is -0.00454.

This slope is related to the heat transfer coefficient and is derived in the previous pages.
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	Throttle 

Opening %
	H1 

(cmH2O)
	V1 

(m/s)
	V 

(m/s)
	M*102
	(Nu)
	(Re)

	100
	1.85
	18.36
	36.72
	-1.12
	109.1
	30240

	70
	1.15
	14.45
	29.5
	-0.856
	98.0
	23849.2

	30
	0.3
	7.38
	14.76
	-0.454
	51.9
	12180.7


Discussion and Conclusions:-
· Comments:-
1. As the throttle area decreases the mass flow rate decreases.

2. When the flow rate decreases this makes the velocity goes down which makes Nusselt number decrease and so the convection coefficient.

3. There were some sources of error, and here they are:

· Error in temperature measurement and this is due to the use of naked eye in reading the temperature while it is changing rapidly.
· Error in reading the velocity head.

· Nusselt variation with Reynolds number.

The data we got from the experiment provides only three values for both Re and Nu numbers ,however, the figure below shows the relation between Nu & Re
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As seen from the figure above we can approximate the relation between NU and Re as linear.

· Parameter characterizing the heat transfer when the working fluid is changed.

It's the thermal conductivity that would cause a change if another fluid were introduced. The change in thermal conductivity due to the usage of another fluid would change the value of the Nu, thus changing the value of convection heat transfer coefficient. The Re number would stay as is for the case just mentioned. It's effect can be manifested in this experiment by noticing that the time required for reaching the thermal equilibrium , for the same throttle opening, would change.  
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