Comparison of Methods for Increasing Heat Transfer in Steam Generators in a CANDU Reactor using various forms of Twisted Tapes
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The efficiency of a reactor can be improved through an increase of heat transfer in the steam generator component of the heat transport system. To increase the amount of heat transfer possible, the Nusselt (Nu) number should be increased. Following the Reynolds analogy as well as the turbulence of fluid will also play a factor in heat transfer. Multiple twisted tape inserts were compared as these begin to increase turbulence in the flow. The twisted tapes come in multiple configurations and as such, have different performance abilities based on flow turbulence, which is governed by the Reynolds number (Re), and the geometry of the tape. With the conditions tested below, the helical twisted tape returned a larger Nu number at higher Re numbers. At the lower end of the spectrum, the dual twisted tape insert and the clockwise/counter-clockwise tape returned the largest Nu value.
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INTRODUCTION
	Heat transfer enhancement has been a concern for numerous industries from automotive to the nuclear industry. Increasing the amount of heat that can be transferred in the system will improve efficiency of the system as a whole.
[image: ]	In the case of a CANDU nuclear reactor specifically, the majority of necessary heat transfer occurs within the heat transport system. There are 4 steam generators that all contain a heat exchanger. These heat exchangers are comprised of numerous “U” shaped tubes to increase surface area for maximum heat transfer. 
Fig 1 – Simple Heat Exchanger.
	This follows directly from Newton’s Law of Cooling where A is the surface area, ΔT is the change in temperature, h is the heat transfer coefficient, and q is the heat flux. 

			 		(1)
	The difficulty in CANDU reactors is that the ΔT and A terms are fixed. To increase the heat flux, the heat transfer coefficient must be increased. Using a fundamental approach which relates momentum transfer of a turbulent fluid to the heat flux is known as the Reynolds Analogy
			 		(2)
 The more turbulent the fluid is, or the larger the Reynolds number ( the larger the shear stress (τw) will be at the wall of the tube. This causes more heat to flow across the material boundary. This is especially important when considering the Nusselt number ( as this dimensionless number relates the amount of heat transfer to both Re and the Prandtl number (. Pr is a relation between momentum diffusivity and thermal diffusivity.
[image: ]	Looking at the difference between a fully developed laminar flow (Re < 2000) and a fully developed turbulent flow will show the reason for larger heat transfer

Fig 2 – Laminar (a) vs. turbulent (b) velocity profile [1].
 The turbulent flow is more “flattened” compared to the parabolic laminar flow due to the higher τw. This causes more fluid particles to impact the wall transferring momentum.
	A secondary way to approach this problem is to increase the friction factor (f) in the piping. Friction factor is a function of the Reynolds number as well as the relative roughness in the pipe. Relative roughness (ε/D) is the ratio of the average height irregularities in the pipe and the overall pipe diameter. 
	Directly increasing the friction factor does have some drawbacks as the major head loss in a piping network is directly coupled to the friction factor.
					(3)
 Even though increasing f would increase the heat transfer, a real engineering challenge is met in that it may cause the pumps not to be able to supply enough pressure and there would no flow. 
	To overcome this obvious problem, numerous designs have been created to increase the heat transfer without deviating away from set pressure requirements. An effective and common way to achieve this is with the insertion of twisted tapes (TT) into each heat exchanger tube. 


[image: ]







Fig 3 – Simple TT without any modifications [2]. 

	It is possible to modify these TT’s to increase turbulence in the flow and as a result, heat transfer will increase. Multiple different modifications have been compared to see which version of a twisted tape is the most effective if utilized in a CANDU reactor.
COMPARISON
	If in the event that a steam generator is disabled to be cleaned or have a component fixed, it may be worthwhile to install TT in the heat exchanger. This may delay the aging cycle of the steam generator allowing for prolonged operations. Knowing the limitations of each insert will help the engineer select an insert that does not cause too much head loss as to damage the system. 
	Multiple insert arrangements will be compared varying from the unmodified case shown in Fig 3.

	Table I – List of all various TT methods being compared 
		Method
	Description

	Simple Twisted Tape (STT) [2]
	Unmodified TT, (more of less twists per length)

	Dual Tape Insert [3]
	Two TT inserted per tube

	‘Square’ Notched tape [2]
	Similar to STT with square notches

	‘V’ Notched tape [4]
	Similar to STT with ‘V’ shaped notches

	TT with embedded nails [5]
	STT modified to have nails varying through the length

	Alternating clockwise (CW) & counter-clockwise (CCW) tapes [6],[7]
	The direction of twisting changes every unit length.

	Helically Twisted Tape (HTT) [8]
	STT that is itself twisted to resemble a helical structure



	  

	
	



	As it can be seen from Table 1, there are numerous different ways to create a TT that can be inserted into the heat exchanger inside a CANDU steam generator. The primary comparison method will be based on how well each TT method increased the Nu number relative to each other. The Nu number will change based on each varrying TT. It will provide a basis for comparison as the larger the Nu value, the larger the heat transfer coefficient and such the overall amount of heat transferred.
	Table II will show a Nusselt number correlation for each of the 7 selected TT designs. Since the basis of the Reynolds analogy is that the flow is turbulent, these will be plotted against a Re number range of Re = 2300 to Re = 20000. The primary flowing liquid inside the heat exchanger of a CANDU steam generator is D2O. This will be the liquid used with following properties 	       (ρ = 1100kg/m3, µ = 0.00125 Ns/m2, α = 1.27x10-7 m2/s) which will return a Pr value of Pr = 8.95. To simplify the calculations, an assumption will be made that the D2O is incompressable, the viscosity remains constant, and the flow is along a streamline. Pitch diameters and various ratios will also need to be considered. To simplify the calculations and remove external variability, these will be set to a value of 1 at first, and then 1.5. Of course, each individual TT configuration could be compared with various changes to the dimensions. 
[image: ]
Fig 4 – Various TT Methods plotted with all geometric terms = 1. The V notched tape must require varying depth and width ratios to positivly effect the system.
[image: ]
Fig 5 – Geometric terms have been set to 1.5 instead of 1.



Sample manuscript




Table II – Nusselt Number and Visual aid Comparisons for each of the Twisted Tape Inserts
	Method and Visual Aid
	Nusselt Number Correlation

	STT (Fig 1)
	Nu = 0.027Re0.862Pr0.33(Ya)-0.215 [2]

	[image: ]Dual Tape Insert 

Fig 6.a
	Nu = 0.238Re0.627Pr0.3(Ya)0.346 [3]

	[image: ]‘Square’ Notched Tape 

                       
Fig 6.b
	Nu = 0.041Re0.826Pr0.33(Ya)-0.228 [2]

	[image: ]‘V’ Notched Tape  

Fig 6.c
	Nu = 0.0296Re0.853Pr0.33(Ya)-0.222(1+(d/W)b)1.148(1+(w/W)c)-0.751 [4]

	[image: ]TT w/ embedded nails 

Fig 6.d
	Nu = 0.0638Re0.789Pr0.33(Ya)-0.257 [5]

	[image: ]CW and CCW TT 


Fig 6.e
	Nu = 0.31Re0.6Pr0.4(Ya)-0.36(1 + sinθ)0.44 [7]

	[image: ]HTT  


Fig 6.f
	Nu = 0.053Re0.796Pr0.4(Ya)-0.127((p/D)d)-0.188 [8]


	a Y is defined as the twist ratio and is the number of twists within one period.
	b (d/W) is the depth ratio. It is the ratio between the depth of the notch to the width of the notch
	c (w/W) is the width ratio. This is the ratio between the width of the notch to the length of the period
	d (p/D) is the pitch ratio. This is the ratio between the distance between to minimum or maximum points and the diameter of the pipe

	Each TT insert caused an increased Nu number as a function of Re number. For the first testing case where all geometric terms were set to 1, the HTT performed the greatest at the larger Re range. Similarly in the case with the geometric terms being 1.5, the HTT performed the best with the embedded nails tape insert very close in performance. The lower Re range also shows that the CW-CCW tape and the dual tape insert are very similar in performance. The ‘V’ notched tape shows a major decrease in Nu value. This particular tape insert requires that the geometry be in the proper ratios. If the depth ratio is 0.43, width ratio is 0.34 and the twist ratio is 2 [4]. With these dimensions, at a Re value of 11000, the Nu number would be 120 [4]. This would place this tape insert in the middle of the performance for that Re number.

CONCLUSION
	Optimization is a difficult challenge when designing nuclear reactors. Most choices that benefit one aspect will harm the performance of another. In the case of the CANDU reactor, the heat transport system can be improved with the addition of twisted tape (TT) inserts into the heat exchanger tubes. Of the compared TT inserts, they all showed a positive increase in the Nusselt (Nu) value, which caused a heat transfer coefficient to also rise improving heat transfer inside the steam generator. 
[bookmark: _GoBack]	The Reynolds number is important to consider as it impacts which tape insert is more effective within that Re range. For lower end Re values, the dual tape insert and the clockwise/counter-clockwise tape performed the greatest. In the higher Re range, the helical twisted tape is desired. 
	With all of these tape inserts it is important to observe the effect they will have on the friction factor as well. If the friction factor becomes too large, the head loss in the system (3) will be more than the primary pump can supply. These tape inserts can be implemented to increase the heat transfer in a CANDU reactor increasing efficiency.
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