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ABSTRACT 

The present study proposes an improved model for the single-blow technique which is 
commonly used to measure the thermal performance of a cryocooler's regenerator 
matrix. The improvements in the present model include the heat flux from the fluid 
into the side wall and the axial conduction of the wire-screen matrix and side wall as a 
suddenly heated fluid passes through the wire-screen matrix. Numerical results 
obtained from the present model are compared with both the analytic results that 
exclude the axial conduction and the predicted results of  a prior study that neglect the 
heat flux into the side waU. Results are also presented to illustrate the effect of  the 
heat capacity of  the side wall, the heat flux into the side wall and the axial conduction 
on both the exit fluid temperature response and the NTUvalue. 

Introduction 

A transient single-blow technique has been commonly used for determining the NTU value 

of a compact heat exchanger [I-6] and the regenerator of  cryocooler [7-8]. The single-blow 

technique requires a steady fluid flow passing through the test heat exchanger. In addition, both 

the fluid flow and test heat exchanger are in thermal equilibrium before the sudden change in the 

inlet fluid temperature. Once the inlet fluid temperature is suddenly heated up or cooled down, the 
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heat transfer starts to take place between the fluid flow and the heat exchanger as well as the side 

wall. Using the inlet temperature response as an initial condition, the exit fluid temperature 

response history of  the test heat exchanger can be estimated from an adequate model, 

Since a unique relationship exists between the NTU value of  the heat exchanger and the exit 

fluid temperature response, the NTU value of  the test heat exchanger is then evaluated by matching 

the recorded measured exit fluid temperature history with the predicted one. Details of  the 

procedure for determining the NTU value and the choice of  scheme for matching experimental and 

predicted data were reported by Liang and Yang [3]. Their proposed five-point matching scheme 

was also used by Cai et ai. [1]. In addition the curve-matching scheme, a maximum-slope scheme 

[2] is also frequently used to evaluate the NTU value of  the test heat exchanger since a unique 

relation also exists between the NTU value and the maximum-shipe value of  the exit fluid 

temperature response. It is worth noting that the determined NTU value of  the test heat exchanger 

varies with the model used in the single-blow measurement. It is due to the fact that different exit 

fluid temperature response curves are obtained from different models but the measured one being 

matched is unchanged. For instance, the NTU value of  the test heat exchanger, obtained from the 

model including the axial conduction, is significantly higher than the one obtained from the model 

without considering the axial conduction for 2 × NTU > 0.06 [1]. 

Despite the numerous studies [1-8] that have been conducted, none of  the previous studies 

reported their measured NTU values greater than 80 of  the test heat exchanger or wire-screen 

matrix. However, a cryocooler's regenerator which is stacked with hundreds of  oversized wire 

screens onto a circular tube can have a large NTU value. Additional attention should be paid to the 

model o f  the single-blow measurements for the regenerator matrix due to its large NTU value. 

To our knowledge, all prior studies considered the side wall as adiabatic. For a test this 

assumption may cause a serious error as a heat exchanger or wire-screen matrix is tightly fit with 

the rectangular or circular side wall, or for a single-blow measurement requiring a long period of  

operation. Therefore, the aim of  the present study is to propose an improved model for the single- 

blow technique as the side wall cannot be reasonably assumed to be adiabatic. 

The Improved Model for the Single-Blow Method 

The prior models for the single-blow test usually regard the side wall as adiabatic and fluid 

flow as one-dimensional. Therefore, there are only two unknowns, namely fluid temperature T*y 
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and the temperature of  the test regenerator matrix T*, in such a single-blow model. However, if  the 

heat transfer also occurs between the side wall and fluid flow, an additional unknown appears: the 

side wall temperature T*w. If  a one-dimensional fluid flow with constant properties is assumed to 

pass through the test regenerator matrix, the present improved model require three governing 

equations to describe the single-blow system, as showu in Fig. 1, for solving three unknowns, T' i ,  

T*s, and T*w. 

x=0 , , S i d e  Wall x=l 

I 

Packed- Screen Heater Regenerator 
Matrix 

FIG. 1 
Schematic View of  a Single-Blow Measurement 

From the energy balance between the fluid tlow and the test regenerator matrix as well as 

the side wall, it yields the dimensionless energy equations for the fluid, 

0 ~  + N T U (  7"r - ~ ) + NTU, ,  ( T r - T ) = 0 ( 1 ) 

for the regenerator matrix, 

OT s ~T O 
2 ~ +  N T U ( ~  - T r ) = 0 

C t  c ' x -  

and for the side wall, 

_ _  _ c ~ - ~ T  
CT,,. R t < . A . - - + R , < . N T U  (T, -Tr)=O 
Ot Ox 2 " ' 

The dimensionless variables or parameters in Eqns { I )-(3) are defined as follows: 

(2) 

(3) 

-~0" , L -  r~*-ro" C-r , ,*  ,~" 
- * C ...... -T,* L '  
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(4) 

As compared with the model [ 1,2] with an adiabatic side wall, additional nondimensional 

groups such as NTU,., R~ and 2,, are included in the present improved model. Eqns ( i)-(3)  are 

subject to the following initial and boundary conditions 

t = 0 ,  T:(x) = L(x)=  L(.v)= 0 (5) 

x = 0 ,  T: = l - e x p ( - t / , ~ )  

: T  C'T 
x = O .  :~ =0,  - " = 0  t b r t > 0  (6) 

x = l ,  --/"411=0, ~" =0 
('~" ( X  

where r is the nondimensional time constant of the suddenly heated inlet fluid temperature 

response. 

If  the values o f h  and h,. are assumed to be 1he same, the procedure for evaluating the NTU 

value matrix can be stated as follows. The first step is to guess the value ofh.  Next, the exit fluid 

temperature history is obtained by solving Eqns ( I )-( 3 ). This predicted fluid temperature history is 

then compared with the measured one. If both measured and predicted exit fluid temperature 

histories lie within a certain limit, the guessed h value conesponds with the averaged heat transfer 

coefficient of  the regenerator matrix. Otherwise. )he procedure is repeated until the h value is 

found. 

Analytical Solution 

An analytical solution ofEqns  (1)-(3) can be obtained by using the Laplace transform if the 

conduction terms are neglected. The detailed process not presented in the paper is very tedious, 

and the solution is expressed as 
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2 where /)1 = N T U Z x ,  P~ = t ~ N T U  x ,  and P3 = R, ,NTU 

However, the analytic solution cannot be obtained for the arbitrary inlet temperature rise in 

the single-blow method. Nevertheless, the analytic solution can still serve as a baseline check for 

the solution obtained from the finite-difference method. 

Numerical Solutions by a Finite-Difference Scheme 

As the axial conduction is considered, Eqns (I)-(3) can only be solved numerically. If  the 

temperature distributions of  Ty, T~, and T,. at the ith time step are known, then the values of  Ts and 

T,. at the (i+l)th time step can be easily obtained l?om the discretized form of  Eqns (2) and (3) by 

an explicit finite-difference scheme. Once the values of  T, i J and 7",, ~ / are obtained, Eq.(1) is then 

discretized to solve T/ 'I  using a central difference scheme which has a second-order accurate in 

space. 

To improve the time accuracy of  numerical solutions, the predicted values of  T~. and Tw at 

the (i+l)th time step are further corrected by a Crank-Nicolson scheme. The new value of  T/at 

(i+l)th time step is again obtained by substituting the corrected T,.' ~ and 7",. ~' ~ into the discertized 

form of Eq.(1). 
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FIG. 2 
Comparison Between Analytic and 
Numerical Predictions o f  7)at x = 1 

FIG. 3 
Comparison Between the present 

predicted Tf value at x = l 
and those in Cai et al.[l]  

For the case with r -  0.1, N T U  - 150, N T ( ' ,  0.1, and R,,  = 1 , the exit fluid temperature 

response curves determined from both tile exact analytical and numerical solutions show an 

excellent agreement with each other in Fig. 2. If tile axial conduction is included, the numerical 

predictions are also compared with the predicted results ill Cai et al. [1] at various values of  2 with 

the adiabatic side wall, as shovel in Fig. 3. This figure also demonstrates a good agreement 

between both results. 

Test Conditions 

For a regenerator in a typical cryocooler, the wdues of  N T U ,  2, N T U w  , and Rtc are 

approximately around 60 to 150, 0.0001 to 0.005.0.01 to 0.001, and 1 to 10, respectively. The 

axial conduction o f  the side wall 2 ,  is neglected due to its insignificant effect on the exit fluid 

temperature response for small N T U .  values. If die fluid flow is heated using a packed-screen 
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heater in the single-blow test, the r value of the inlet temperature rise is about 0.1. The value of 

parameters in the aforementioned ranges will be used tbr predicting the exit fluid temperature 

responses. 

Results and Discussions 

Numerical predictions are presented to show the effects of some important factors included 

in the present improved model for the transient single-blow method on both the exit fluid 

temperature response and the evaluation of the NTU value of the test regenerator matrix. Those 

factors of particular interest are the heat flux into side wall, the heat capacity of the side wall, and 

the axial conduction. In the first part, results are presented to show the effect of these factors on 

the exit fluid temperature response. 

Exit Fluid Temperature Responses 

For a typical regenerator matrix, the ratio of  NTU,  to N T U  is usually very small because the 

heat transfer area for the wire-screen matrix is comparably larger than that for the side wall. Since 

the ratio is small, its effect on the exit fluid temperature response has not been assessed by prior 

studies. Unfortunately, it may cause some elxors in detenuining the N T U  value of the regenerator 

matrix even though its value is small. To assess its effect, another parameter RNrt,.is introduced and 

given by 

N T U  
R~.7,. - (8) 

N T U  

The present study makes an assumption that the R~t value is the same as the heat transfer 

area ratio of the side wall to the regenerator matrix. Ill the tbllowing sections, the parameter R.wt; 

is used to assess the effect of heat flow into the side wall rather than the parameter NTUw. 

If the inlet fluid temperature is an exponential rise as stated as in Eq.(6), Fig. 4 illustrates the 

numerical results at v = 0.1 and N T U  - 60 for R,,. ranging fiom 1 to 10 and R,vrc ranging from 0.0 

to 0.01. For the test regenerator with a small value of RvT¢ , say R~Tt: - 0.00 ! , it can be observed 

that there is little effect on the initial rise of the exit fluid temperature for t < 1 with the variation in 
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the R,c value, For t < 1, most thermal energy is transferred from the heated fluid flow into the 

matrix rather than into the side wall because the heat transfer area o f  the regenerator matrix is one 

thousand times as large as the heat that o f  the side wall. For tile case at R,vn,. 0.001, notable 

differences in the exit fluid temperature response only occur tbr t >1.6. This is because the 

regenerator matrix has already reached the thermal equilibrium state with the fluid flow for the 

large t value. Therefore, the heat transfer only takes place between the side wall and the heated 

fluid flow. Note  that the Ty value is still about 5% lower than 7; ..... at Rtc - 1 and R,wt - 0.001 

for 2.5 > t > 1.6• Therefore, one should be very careful in making an assumption for the adiabatic 

side wall in the single-blow method. For the test regenerator matrix with a large NTU value, such 

an assumption may cause some errors in evaluating the NTU value o f  the test piece. 

While the R,,m~ value rises from 0.001 to 0.0 I. the influence o f  the R,. value on the exit fluid 

temperature becomes more significant. For the case o f N T U -  O0 and RA~ - 0.01 , the variation 

in the exit fluid temperature is large as the R,, value drops from 10 to I for t > 1.0. However,  the 

exit fluid temperature at a larger R~-~t value reaches the 7;,,,,~ more quickly than that at a smaller 

RNTU value due to a larger heat flux from the heated workhlg fluid into the side wall. 

Tf 

1 . 0 0  

- -  R t c = 1 0  
0.75 

. . . .  Rto=5 

. . Rtc=l  

0.50 RNTU=01i  

0 . 0 0  

O.0 0 . 5  1 .0  

/ 

R ....... 0 .01  

1.5  

t 

1 . 0 0  

: ~ N T U = 0 . 0 0 1  . . . . . . . .  0 . 7 5  

_ f  
j _ J -  

Tf 0.5o 

0.25 

' ' ' = ' ' ' ' 0 . 0 0  

2 . 0  2 . 5  0 . 0  

. . . .  I . . . .  I ' • ' 

[:: l!/ r=0 1 RNTU=0 

NTU=60 

NTU=100 

NTU=150 

)~=0.05 

i i i , - - J ~ ' , - ~ - - ~ /  , I . . . .  i . . . .  I . . . .  

0.5 1.0 1.5 2.0 2.5 

t 

FIG. 4 
Exit Fluid Temperature Response 
with the Non-Adiabatic Side Wall 

FIG. 5 
Exit Fluid Temperature Responses 
at Various NTU Values with Rmr~..r = 0 
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With an adiabatic side wall, Fig. 5 shows the exit fluid temperature response curves for 

various values o f  NTU and 2 at r - 0.1 and R,~ = 10. Predicted results illustrate that the exit fluid 

temperature response curves become difficult to distinguish as the NTU value increases. 

Unfortunately, the exit fluid temperature response cul~es at different NTU values are even closer 

once the axial conduction in the test regenerator is included in the single-blow model. In addition, 

the exit fluid temperature response is also significantly varied with the axial conduction of  the test 

regenerator matrix. When the axial conduction is considered, the temperature difference between 

the inlet and outlet fluid temperature becomes smaller x,ith an increase in t he / l  value for a small 

value of  t. As a result, a sharper temperature rise is observed for the case with a larger/1 value. 

Consequently, the NTU value of  the regenerator matrix, determined by the maximum-slope 

method, would be underestimated if axial conduction is ignored in the model for predicting the exit 

fluid temperature response. Note that the predicted ~esults are presented for the case with the 

adiabatic side-wall. Otherwise, the underestimation of  the NTU value is more serious once the heat 

flow into the side wall is also excluded in the single-blow model. 

Effect of  Axial Conduction and Non-Adiabatic Side Wall on tile NTU value 

The aim of  the single-blow method is to determine tile NTU value of  a test regenerator 

matrix by matching both measured and predicted exit fluid temperature response for a known inlet 

fluid temperature rise. Therefore, it is necessary, to provide tile correct predictions for a match with 

the experimental data. The aforementioned parameters which can significantly affect the exit fluid 

temperature response, accordingly, should not be excluded in the single-blow method for the test 

regenerator matrix with large NTU value. To determine the NTU value of  the regenerator matrix, 

two popular schemes, the curve-matching scheme [I.31 and the maximum-slope scheme [2], have 

been employed in the single-blow method. Nevertheless. tile maximum slope technique is chosen in 

the present analysis. 

As mentioned earlier, the NTU value would be tmderestimated if the exit fluid temperature 

response at 2 = 0 is used to match that with a finite ,;, x alue. For comparison, the underestimated 

NTU value of  the test regenerator matrix at /t 0.01 is illustrated in Fig. 6 for both the curve- 

matching in Cai et al. [1] and the maximum-slope scheme employed in the present study. The 

agreement is quite consistent between both studies. Hox~.ever. the deviation between both schemes 
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increases with the A value. Note that the same and coffee! NTU value of the test regenerator 

matrix should be determined if both schemes all consider the actual axial conduction effect in the 

single-blow method. Therefore, the data in Fig. 0 only shows that the tmderestimated value in NTU 

if the exit fluid temperature response with 2 - 0 is used to match that with 2¢  0 at a particular 

NTU value. From Fig. 6, the underestimation in NTU with A 0 using the maximum-slope scheme 

is less severe than using the crave-matching scheme. For example, according to Fig. 6, an exit 

temperature response at N T U -  20 and A - 0.03 has the best match with that at NTU = 13.8 and 2 

= 0 using the curve-matching scheme. However, the maximuln-slope value of the exit fluid 

temperature response at NTU 15.7 at )~ 0 is same as dlat at N T U -  20 and 2 - 0.03. Therefore, 

the maximum-slope method is preferred if the model in the single-blow method neglects the axial 

conduction in the test heat exchanger tbr NTU 8. Furthermore, in the curve matching technique, 

the determined NTU value varies x~fith the selection of data points in the exit fluid temperature to 

be matched with the experimental data. Yllerefore, Cai ct al[ 1 ] proposed a method to determine 

the optimum matching time beyond which five equally-interval points were selected for matching. 

NTU~.o-NTU~, o 

-2.5 

-5.0 

- • ~ • / ~ - ~ ; ~  ~ , = o . o l  

• . 

• 
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[ i i i i I i i J i 

15.0 17.5 20 

FIG. O 
Effect of the Axial Conduction on the Evaluat ion of NTU Value by Both the 
Maximum Slope Scheme and the Cur~.e Matching Scheme in Cai et al. [1] 

On the contrary, a unique relation exists betx~ec~ the NTU value and the maximum-slope of 

the exit fluid temperature response In the maximum-~h~pe scheme, there is no need to find the 

optimum matching time and to decide how many point~ are chosen for matching. Based on these 

findings, the maximum slope technique is employed in tl~c following analysis for the effect of 3, and 
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Rva,, values on the determination of NTU value. 

For a typical regenerator, tile NTU value may be over 100 due to its large heat transfer area. 

Meanwhile, the effective thermal conductivity of a wire-screen matrix is much less than the 

material conductivity due to the small thermal contact conductance between wire screens. For a 

stainless steel wire-screen with 100 mesh, the effectixe thermal conductivity keffec t is around 

0.07W/m°C as reported by Chang [9]. As a resulL the dimensionless/t value for a regenerator 

matrix is usually less than 0.005. Fig. 7 shows the effects of the/t and R.wt- values on the maximum 

slope of the exit fluid temperature in a wide range of,\.'TU for r - 0.1 , t~tc = 1 0 . 0  . As the N TU 

value of the test regenerator matrix is less than I 0, it is reasonable to make the assumptions for the 

adiabatic side-wall and no axial conduction hi the test heat exchanger for the range 2 and Rv[u 

being studied. With an increase ill the NTU value, both eflbcts of 2 and R,vn,. on the maximum- 

slope value become more significant. If the maximum-slope value of the exit fluid temperature 

response is obtained from the experimental data, the XTU value of the test regenerator matrix is 

underestimated by matching the predicted one flora the model which excludes the effect of both 

the heat flux into the side-wall and the axial conductiou in tile regenerator matrix. 
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FIG. 7 
Maximum Slope of Exit Fluid Temperature 
Response for Various R,~r~,, and/l  Values 

FIG. 8 
I!ffect of the Non-Adiabatic Side Wall on 
the Estimated NTU Value for Various X 
Values 
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Based on the the same S,,,,, values in Fig. 7. the \ ariation percentage in the predicted N T U  

value with and without including both 2 and R ~  ~alues is plotted in Fig. 8. The parameter ANTU 

on the vertical axis  is given by 

NTU - NTU I~ . . . . . . . . . .  
A N T U ( % )  . . . . . . . .  ~ I00 (9) 

NTU 

where the N T U  value is determined fiom the model ~ith the consideration of the non-adiabatic 

side wall at various 2 values. Fig. 8 demonstrates the \ ariation percentage increases with both 2 

and R,~Tt;. As observed in Fig. 8, both effects of/gw,, and 2 should be considered on the evaluation 

of the N T U  value of the regenerator matrix tbr ,,\'/~ :,, i).08 or ~ × NTU > 0.3. 

Conclusions 

The improved model for tile single-blo~ method is proposed to include the non-adiabatic 

side wall and the axial conduction for evaluating tile .VTU value of the test regenerator matrix. 

Numerical predictions of the exit fluid temperature response for tile improved model are presented. 

For comparison, the analytical solutions for the model ~flhout the axial conduction are also 

illustrated to show the accuracy of tile numerical predic~ion.~ For the test regenerator with a large 

N T U  value, the maximum-slope scheme is a better one than the curve-matching scheme for 

matching the experimental and numerical data. There i~ m~ need tbr the maximum-slope scheme to 

choose the time interval in which the data points ~Hc used in order to be matched with the 

experimental data. As the maximum-slope scheme is employed, the presented results also show 

that the NTU value of the test regenerator matrix with the adiabatic side-wall is much lower than 

that with the non-adiabatic side w, all in tile single-blo~x model for the regenerator matrix with a 

large NTU value. Therefore, tile NTU w~luc of the lest ~egenerator matrix is seriously 

underestimated if the adiabatic side-wall is assumed iu the single-blow model. In the range of 

parameters being conducted in the present stmh. the tmdcrcstimated percentage in the evaluation 

of the NTU value of the regenerator matrix i~ g~catcr ~han 10'% tbr NTU~> 0.08. The error for 

underestimating the N T U  value increases w4th ,\ / ! .  2 a rtd 1¢~.  
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Nomenclature 

AHT 
An-r. 

Ao 
A~ 
c~ 
6", 
C~ 
h 
hw 
k,g,, 
M, 
Mw 

NTU 

NTU~ 
R,~,~ru 

SMax 
T 
r/ 

L 
T~ 
To 
t 
X 

ANTU 
/2 

heat transfer area of  screen-packed matrix 
heat transfer area of  external side wall 

heat conduction area of  screen-packed matrix 
heat conduction area of  side wall 
fluid specific heat at constant pressure 
specific heat o f  screen-packed matrix 
specific heat of  the side wall 
average heat transfer coefficient between fluid flo~ and screen-packed matrix 
average heat transfer coefficient between fluid flow and the side wall 
effective screen-packed matrix conductivity 
mass of  screen-packed matrix 

mass of  external side wall 
mass flow rate of  fluid 

Number of  transfer unit of  heat exchanger 

Number o f  transfer mlit of  side wall 
ratio of NTU~ to NTU 
heat capacity ratio of  screen-packed matrix to extc~lml tube wall 
maximum slope of  dimensionless exit fluid temperature 
dimensionless temperature 
dimensionless temperature of  fluid flo~ 
dimensionless heated inlet temperature at tile steady state 
dimensionless temperature of  screen-packed matrix 
dimensionless temperature of  side wall 
dimensionless inlet fluid temperature at t-0 
dimensionless time 
dimensionless axial distance fiom the inlet of  screen-packed matrix 
percentage of  variation in tile NTU. as defined in Eq. (9) 
conduction parameter of  screen-packed matrix 
conduction parameter of  side wall 
dimensionless time constant of  inlet fluid tempe~ature 

Superscripts Subsclipts 

i node index in time [ fluid 
* dimensional variable w side wall 
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